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Efficacité agroenvironnementale des pratiques de conservation des sols en grandes cultures : Rendement des cultures et dynamique du carbone et de l'azote dans les sols Thèse

The objective of this study was to compare the crops yield (corn, soybean wheat) and environmental effect (soil health and C and N storage) of 20 different crop management itineraries combining two tillage regimes (minimum tillage, moulboard plowing), crop residue management (harvested or returned to soil) and five different fertilizer sources (organic and mineral) on two soils with contrasting textures (sandy loam and silty clay) over a 9-year period. After a transition period of 6 years, reduced tillage yielded 8-30% more grain, than mouldboard plowing in the silty clay soil. In the sandy loam soil, the benefits of minimum tillage on crop yield varied (-20 to 13%), mainly according to crop type and meteorological conditions. Organic C concentration, microbial biomass and the mean weight diameter of stable aggregates in the first 10 cm of soil were 14-58% higher under reduced tillage than mouldboard plowing, but reduced tillage had no effect on C and N stocks when the entire profile was considered (0-60 cm). Similar wheat grain yields were obtained with the mineral fertilizer and farmyard manures and manures even had a positive legacy effect on soybean yield in sandy loam. For corn, however, the yield differences observed between mineral fertilizer and farmyard manures were highly variable (0-38%) and mostly depended on weather conditions. Among farmyard manures, the use of liquid swine manure generally resulted in greater yields, but cattle and poultry manures had a greater effects on surface soil health indicators. Cattle and poultry manures promoted the accumulation of C and N in the heavy and coarse fraction of soil organic matter (coarse-MAOM) of both soils. In the silty clay soil, cattle and poultry manures also fostered the accumulation of organic C and N in the fine and stable fraction of soil organic matter, thus contributing to the long-term stabilization of C and N in the surface soil layer. Conversely, crop residues with a higher C/N ratio contributed to soil health mainly through the accumulation of C in the coarse fractions of organic matter. When the entire profile was considered, the effect of treatments on C stocks was smaller in the first 15 cm of soil (0.36 to 0.76 kg C m -2 ) than in deeper soil layers (up to 2.3 kg C m -2 for the 30-45 cm layer). The net effect of farming practices on C and N stocks when the entire profile was considered (0-60 cm) therefore mainly depended on changes at depth. In the sandy loam soil, these changes were influenced by a three-way interaction between tillage, crop residue v management and fertilizer source. Deep C stocks were the highest when tillage was combined with crop residue return and the use of liquid farmyard manures. However, under mineral fertilization, deep C stocks were the highest when residues were harvested. This thesis highlights the fact that agricultural combinations of management practices should be adapted to the cultural and pedoclimatic characteristics of each site.

In addition to providing field evidence in support of recent theories regarding soil organic matter formation and stabilization processes, this thesis proposes a way to integrate soil fertility concepts to these emerging theories by considering the coarse-MAOM as a pivotal fraction in both C and N cycles. It also demonstrates the importance of considering deep C stocks (>30 cm) to accurately measure the effect of agricultural practices on soil C stocks, at least under cold and humid conditions. It will therefore be necessary to keep deepening our understanding of the biogeochemical mechanisms involved in soil-plant-atmosphere interactions to ensure the profitability, sustainability, and resilience of our production systems while contributing to climate change mitigation.

ii 1 Résumé L'objectif de cette étude était de comparer le rendement des cultures (maïs, soya, blé) et l'impact environnemental (santé du sol et stockage de C et de N) de 20 itinéraires techniques combinant le type de travail du sol (travail réduit, labour), la gestion des résidus de culture (récoltés ou retournés au sol) et cinq différentes sources fertilisantes (organiques et minérales) sur deux sols à texture contrastée (loam sableux et argile limoneuse) sur une période de neuf ans. Après une période de transition de six ans, les rendements sous travail réduit étaient de 8 à 30 % supérieurs qu'avec le labour dans l'argile limoneuse. Dans le loam sableux, l'effet du travail réduit variait (-20 à 13 %), principalement en fonction de la culture et de l'année. La concentration en C organique du sol, la biomasse microbienne et le diamètre moyen pondéré des agrégats dans les 10 premiers centimètres de sol étaient de 14 à 58 % plus élevés dans le travail réduit que dans le labour, mais le travail réduit du sol n'a eu aucun effet sur les stocks de C et de N lorsque tout le profil était considéré (0-60 cm). Les engrais de ferme permettaient d'obtenir des rendements semblables à l'engrais minéral dans le blé et ont même eu un arrière-effet positif sur le rendement du soya dans le loam sableux. Cependant, dans le maïs, les écarts de rendement observés entre l'engrais minéral et les engrais de ferme étaient parfois très importants, mais aussi très variables (0 à -38 %), en fonction des conditions météorologiques de la saison de croissance. Parmi les engrais de ferme, le lisier de porc donnait généralement de meilleurs rendements, mais le lisier de bovin et le fumier de volaille avaient des effets positifs plus marqués sur les indicateurs de santé du sol en surface. Le lisier de bovin et le fumier de volaille favorisaient l'accumulation de C et de N dans la fraction lourde et grossière de la matière organique (coarse-MAOM) des sols à l'étude. Dans l'argile limoneuse, le lisier de bovin et le fumier de volaille ont également permis l'accumulation de C et de N organique dans la fraction fine et stable de la matière organique du sol, contribuant ainsi à la stabilisation de C et de N sur le long terme dans la couche de surface. Inversement, les résidus de culture avec un rapport C/N plus élevé ont contribué également à la santé du sol, mais principalement via l'accumulation de C dans les fractions grossières de la matière iii organique. Lorsque tout le profil était considéré, l'effet des traitements sur les stocks de C était plus faible dans les 15 premiers cm de sol (0,36 à 0,76 kg C m -2 ) que dans les couches sous-jacentes (jusqu'à 2,3 kg C m -2 pour la couche 30-45 cm). L'effet net des pratiques agricoles sur les stocks de C et de N, lorsque tout le profil était considéré (0-60 cm), dépendait donc principalement des changements en profondeur. Dans le loam sableux, ces changements étaient influencés par une interaction triple entre le travail du sol, la gestion des résidus de culture et la source fertilisante. Les stocks de C en profondeur étaient les plus élevés lorsque le labour du sol était combiné au retour des résidus de culture et à l'utilisation d'engrais de ferme liquide. Cependant, sous fertilisation minérale, les stocks étaient plus élevés en profondeur lorsque les résidus étaient récoltés. Les résultats de cette thèse montrent bien que les itinéraires techniques agricoles devraient être adaptés aux caractéristiques culturales et pédoclimatiques propres à chaque site. En plus de fournir une preuve terrain en soutien aux récentes théories expliquant les mécanismes de stabilisation du C dans le sol, cette thèse propose un modèle conceptuel permettant d'intégrer la notion de fertilité du sol à ces concepts émergeants en considérant la coarse-MAOM comme une fraction pivot dans les cycles de C et de N du sol. Elle démontre également l'importancede considérer les stocks de C profond (>30 cm) afin de mesurer avec justesse l'effet des pratiques agricoles sur les stocks de C du sol, du moins sous des conditions froides et humides. Il faudra donc continuer d'approfondir notre compréhension des mécanismes biogéochimiques impliqués dans les interactions sol-plantes-atmosphère pour faciliter le développement de systèmes de production rentables, durables et résilients, tout en contribuant à la lutte aux changements climatiques. x Values are averaged for the four years with wheat (2009, 2010, 2013 and 2016) 3-1. Average (2009Average ( -2017) ) soluble organic compounds, hemicellulose, cellulose and lignin proportions (dry matter basis), lignin:N and C:N ratios as well as N-NH4 concentrations of the liquid swine manure, liquid dairy manure, solid poultry manure applied to soil each spring, and of plant residues returned to soil at harvest. Concentrations in manures (mean ± standard deviation) were determined annually, in triplicates, as per the Van Soest method ; Concentrations in crop residues were taken from Recous et al. 2015) 3-3 (S1). Summary of the analysis on variance (p-values) for the effects of fertilizer source, residue management, and their interactions on LF (light fraction), coarse-MAOM (coarse mineral-associated organic matter), fine-MAOM (fine mineral-associate organic matter), SOC (total soil organic carbon) and Total N (total soil N) in the silty clay and the sandy loam soil. . 132 Table 34 (2011, 2014 and 2017) performed with year, soils, and management variables (FertN=amount of available N provided by the fertilizer (kg N ha -1 ), Soil_Nmin=soil mineral N concentration (mg N kg soil -1 ), Soil_C=soil organic C, concentration (g C kg soil -1 ), FertC:N= C/N ratio of the fertilizer source) as predictors of corn grain yield (kg ha -1 ). Soil bulk density, soil pH, soil total N, soil water content, and the amount of residues retained in the previous year were measured in the autumn preceding corn planting and included in this analysis. Box plots graphically depict the average yield, major quartiles and variability of the statistical groups defined by the regression tree. 
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Introduction générale

Contexte général

Les pratiques de conservation des sols sont des pratiques que l'agriculteur peut adopter pour prévenir la dégradation des sols et assurer leur santé à long terme. Le travail réduit du sol, la rétention des résidus de culture, et la fertilisation organique sont considérés comme les piliers de l'agriculture durable (Hobbs et al., 2008). Toutes ces pratiques influencent directement le rendement des cultures par leur impact sur les propriétés physiques, chimiques et biologiques des sols. En effet, il est estimé que l'adoption de pratiques dites de conservation (ex. travail réduit du sol, retour des résidus de culture, utilisation d'engrais de ferme, etc…) au Canada puisse permettre d'augmenter les stocks de carbone du sol d'environ 0,1 à 0,5 tonnes de carbone par hectare par année (VandenBygaart et al., 2003 ;[START_REF] Benites | Effect of no-till on conservation of the soil and soil fertility[END_REF] 

Pratiques de conservation des sols et rendement des grandes cultures

Le Le travail réduit, qui consiste à minimiser les perturbations du sol et à maximiser sa couverture par la présence de résidus en surface, est l'un des piliers des pratiques de conservation des sols en grandes cultures (Hobbs et al., 2008). En plus de protéger le sol contre l'érosion, cette pratique permet de mieux conserver l'humidité du sol et de généralement réduire les coûts de production liés à la machinerie, à la main-d'oeuvre et au carburant [START_REF] Holland | The environmental consequences of adopting conservation tillage in Europe: reviewing the evidence[END_REF]. Il existe un nombre élevé de publications dans la littérature concernant l'effet du travail du sol sur le rendement. Toutefois, les résultats varient en fonction des conditions pédoclimatiques et des différentes combinaisons de pratiques agricoles (Van Den Putte et al., 2010;Ogle et al., 2012;Toliver et al., 2012). Une récente méta-analyse a révélé que les principaux facteurs influençant le rendement des cultures sous travail réduit du sol sont le climat, la texture du sol ainsi que l'espèce cultivée (Toliver et al., 2012). En climat sec, un travail réduit du sol peut permettre d'augmenter le rendement des cultures, notamment en raison d'une meilleure rétention de l'eau dans le sol (Ogle et al., 2012). En climat froid et humide, toutefois, le travail réduit du sol peut diminuer légèrement le rendement par rapport au labour [START_REF] Soane | No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment[END_REF], particulièrement sur les sols lourds présentant un drainage insuffisant [START_REF] Ziadi | Long-term tillage and synthetic fertilization affect soil functioning and crop yields in a corn-soybean rotation in eastern Canada[END_REF]. Sous ces conditions, le semis direct ou le travail réduit du sol peuvent induire un ralentissement du réchauffement du sol au printemps (Johnson and Lowery, 1985), ce qui peut avoir des effets considérables sur le développement et le rendement de la culture [START_REF] Hussain | Impacts of tillage and no-till on production of maize and soybean on an eroded Illinois silt loam soil[END_REF]. Plusieurs études soulignent toutefois le fait qu'une période de transition de 6 à 10 ans soit nécessaire, après l'adoption du semis direct, pour évaluer ses effets réels sur les propriétés du sol (Stubbs et al., 2004) et sur le rendement [START_REF] Soane | No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment[END_REF]. Certains auteurs ont effectivement démontré que malgré une diminution initiale des rendements sous semis direct, des rendements égaux ou supérieurs à ceux du labour pouvaient être obtenus après quelques années de transition [START_REF] Soane | No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment[END_REF]. Ceci s'explique notamment par la formation de macroporosités formées par les réseaux racinaires laissés intacts sous semis direct [START_REF] Angers | Plant-induced changes in soil structure: processes and feedbacks[END_REF][START_REF] Fengyun | The effects of no-tillage practice on soil physical properties[END_REF] et par l'influence bénéfique du semis direct sur la présence de lombrics dans le profil de sol [START_REF] Johnson-Maynard | Earthworm dynamics and soil physical properties in the first three years of no-till management[END_REF]. Ces deux phénomènes ont pour effet d'augmenter la proportion de macro-porosités ainsi que le taux d'infiltration et la conductivité hydraulique du sol [START_REF] Johnson-Maynard | Earthworm dynamics and soil physical properties in the first three years of no-till management[END_REF]. Selon certains auteurs, il serait aussi possible de contrebalancer certains effets négatifs du semis direct sur le rendement pendant la période de transition en faisant un choix judicieux au niveau des combinaisons de pratiques. Par exemple, il a été observé que l'augmentation de la fertilisation azotée puisse contrebalancer l'effet négatif du semis direct sur le rendement, lorsque comparé au labour (Malhi et Nyborg, 1990;[START_REF] Grigoras | Effect of Notillage System and Fertilization on Wheat Production[END_REF]. L'efficacité d'utilisation de l'azote par la culture serait d'ailleurs généralement équivalente ou supérieure pour le semis direct que pour le travail conventionnel (Malhi and Nyborg, 1990;Dalal et al., 2011), mais elle serait également influencée par d'autres pratiques agricoles telles que la gestion des résidus (Dalal et al., 2011).

La gestion des résidus de culture peut influencer le rendement des cultures de différentes manières. Après la récolte, la paille peut être laissée au champ ou récoltée pour la litière des animaux de ferme. Elle peut donc avoir une valeur commerciale intéressante si elle est vendue pour la litière ou, dans certains cas, pour la production de biocarburants [START_REF] Stumborg | Sustainability and economic issues for cereal crop residue export[END_REF]. Une exportation de la paille implique une exportation d'éléments minéraux et de matière organique qui pourrait nuire à la fertilité du sol à long terme (Warren Raffa et al., 2015). En revanche, leur retour au sol peut engendrer une immobilisation de l'azote, étant donné leur rapport C/N généralement élevé (Recous et al., 2015). Certains auteurs suggèrent toutefois que l'effet négatif de l'immobilisation de l'azote sur les cultures soit transitoire et qu'à long terme, cette pratique mène à une augmentation de la matière organique du sol et à une meilleure efficacité de la fertilisation azotée (Malhi and Nyborg, 1990;[START_REF] Govaerts | Conventionally Tilled and Permanent Raised Beds with Different Crop Residue Management: Effects on Soil C and N Dynamics[END_REF]. Par ailleurs, dans certains cas, le retour des résidus au sol peut entraîner une accumulation d'eau en surface ou une diminution de la température moyenne du sol (Nyborg et al., 1995;Turmel et al., 2015) ainsi qu'une augmentation de l'inoculum des pathogènes en surface, contribuant ainsi à une plus grande occurrence de maladies et de certains ravageurs, particulièrement dans les climats froids et humides (Sturz et al., 1997). Les facteurs culturaux et pédoclimatiques ont donc une influence décisive sur la réponse des cultures à la gestion des résidus (Turmel et al., 2015;Warren Raffa et al., 2015). Dans leurs travaux, [START_REF] Hao | Nitrous oxide emissions from an irrigated soil as affected by fertilizer and straw management[END_REF] suggèrent d'ailleurs l'existence d'une interaction complexe entre la gestion des résidus, le travail du sol et la fertilisation azotée.

L'azote est considéré comme l'un des principaux facteurs limitant la productivité agricole [START_REF] Bloom | Nitrogen as a Limiting Factor: Crop Acquisition of[END_REF]. La disponibilité de l'azote pour la plante dépend de sa forme [START_REF] Mengel | Turnover of organic nitrogen in soils and its availability to crops[END_REF]Webb et al., 2013). Ainsi, les engrais minéraux présentent l'avantage d'offrir de l'azote sous forme directement assimilable à la culture en quantité précise et à un moment déterminé, ce qui favorise un rendement élevé. Toutefois, le prix croissant de ces intrants et les impacts environnementaux liés à leur fabrication suggèrent l'utilisation des engrais de ferme afin d'améliorer la durabilité des systèmes de production [START_REF] Jawson | USDA research into organic farming[END_REF]. Les engrais de ferme (fumiers et lisiers) ont pour avantage d'avoir un temps de résidence plus élevé dans le sol et de contribuer à la fertilité édaphique à court, moyen et long terme (Webb et al., 2013).

Il est reconnu qu'une application répétée d'engrais de fermes engendre un certain arrièreeffet qui se traduit les années subséquentes par une capacité accrue du sol à fournir de l'azote à la plante lors de sa croissance (Schröder et al., 2007;Nyiraneza et al., 2010;Webb et al., 2013;Riley, 2016). L'efficacité de la fertilisation azotée l'année de l'application et sa contribution à l'arrière-effet dépendent alors de la nature de la fumure utilisée. Ainsi, un engrais de ferme à rapport C/N élevé (≥ 20) risque de contribuer assez peu à la fertilisation de la culture en cours, mais pourrait contribuer davantage à la fertilité du sol à plus long terme (CRAAQ 2010). Le taux de minéralisation de l'engrais de ferme appliqué au sol à court et à plus long terme est également influencé par plusieurs autres facteurs biotiques et abiotiques ainsi que par la combinaison de différentes pratiques culturales sur un même sol (Watts et al., 2007;Webb et al. 2013;[START_REF] Thomas | Mineralizable nitrogen responds differently to manure type in contrasting soil textures[END_REF]. La problématique s'en trouve ainsi complexifiée.

En effet, plusieurs auteurs ont noté un effet combiné du type de travail du sol, de la gestion Dans un contexte pédoclimatique plus rapproché du Québec, Malhi et al. (2006) 

Influence des pratiques de conservation des sols sur la santé du sol

Matière organique

Les concepts conventionnels de la formation de la matière organique dans le sol assument que la structure chimique complexe de la matière organique formée par humification soit le principal mécanisme limitant sa dégradation et assurant sa stabilisation dans le sol sur le long terme (Achard, 1786;Waksman, 1936;[START_REF] Olk | Environmental and agricultural relevance of humic fractions extracted by alkali from soils and natural waters[END_REF]. De nouvelles théories ont toutefois émergé au cours des dernières décennies, mettant en évidence différents mécanismes de stabilisation de la MO depuis la préservation sélective des molécules récalcitrantes, jusqu'à l'interaction des molécules avec les argiles et les ions métalliques en passant par l'inaccessibilité spatiale de ces molécules au sein des agrégats (Kögel-Knabner et al. 2008).

De récentes études ont d'ailleurs démontré que plus le carbone organique du sol est âgé, moins il est composé de groupements aromatiques complexes (Kleber et al., 2011). La stabilité de ces molécules dans le sol serait donc plutôt majoritairement co-déterminée par les mécanismes d'adsorption aux surfaces minérales ainsi que par la protection physique des substances minérales au sein des agrégats (Schmidt et al., 2011;Dungait et al., 2012).

Un modèle conceptuel visant à décrire les processus de formation et de stabilisation de la matière organique dans les sols récemment proposé par Cotrufo et al. (2013) Selon Knicker (2011), le lien direct entre les surfaces minérales et la matière organique stable serait principalement assuré par des molécules peptidiques très simples et riches en azote, liant de façon étroite le cycle de l'azote à celui du carbone. Dans ce contexte, les constituants labiles des résidus végétaux seraient la source dominante de produits de dégradation microbienne dans le sol (Cotrufo et al., 2013) et la matière organique stable du sol serait un amalgame de polymères microbiens et végétaux et de leurs produits de dégradation (Miltner et al., 2012;Cotrufo et al., 2015;Kallenbach et al., 2015;Lavallee et al., 2019) associés avec des structures minérales par des liens covalents, des ponts hydrogènes et/ou des liaisons de van der Walls (Kögel-Knabner et al., 2008;Schmidt et al., 2011). La quantité et la force des liens organo-minéraux contrôleraient alors la stabilisation de la matière organique dans différentes fractions du sol (Kögel-Knabner et al., 2008). Un modèle proposé par [START_REF] Guggenberger | Dissolved organic matter in soil: challenging the paradigm of sorptive preservation[END_REF] suggère aussi que la localisation de la matière organique ait un rôle majeur et décisif à jouer dans la stabilité des composés organiques. Selon ces auteurs, la stabilité de la matière organique à l'intérieur des micropores serait assurée par l'adsorption sélective des molécules carbonées aux surfaces minérales et à l'inaccessibilité physique de ces sites d'adsorption aux microorganismes et à leurs enzymes. La protection de ces complexes au sein des macro-agrégats aurait donc également un rôle important dans la stabilité à long terme de ces complexes puisqu'elle contribuerait à diminuer l'accès des microorganismes (Six et al., 2000;Grandy and Neff, 2008;Schweizer et al., 2019).

La recherche des dernières décennies a donc mené à un changement de paradigme associant maintenant la stabilité du carbone dans le sol à sa protection physique plutôt qu'à sa récalcitrance biochimique (Kleber et al., 2011;Schmidt et al., 2011;Dungait et al., 2012;Kleber et Lehmann, 2019). S'en est suivi un intérêt renouvelé pour le fractionnement physique de la matière organique du sol dans le but de la séparer en fractions mesurables qui soient relativement homogènes et qui puissent être associées à des fonctions spécifiques dans le sol (Elliott and Cambardella, 1991;Cambardella and Elliott, 1992;Poeplau et al., 2018;Lavallee et al., 2019). Les méthodes de fractionnement physique les plus couramment utilisées comprennent des méthodes basées sur la taille des fragments organiques, sur leur densité ou encore sur des méthodes combinant un mélange de taille et de densité.

Bien qu'imparfaite à certains égards (Wander, 2004;Gosling et al., 2013), la méthode divisant la matière organique du sol sur la base de la taille a été largement utilisée au cours des dernières décennies (Cambardella and Elliott, 1992;Gregorich et al., 2006;Cotrufo et al., 2019;Lavallee et al., 2019). Dans sa plus simple expression, elle divise la matière organique totale du sol en deux composantes (POM et FOM). Elle se base sur la prémisse que la matière organique particulaire (POM; >50-63 μm) soit majoritairement composée de matière organique fraîche ayant un taux de résidence dans le sol relativement faible [START_REF] Gregorich | Physically uncomplexed organic matter[END_REF] et que la matière organique de taille plus fine (FOM; <50-63 μm) soit plutôt constituée de résidus de la dégradation microbienne (Miltner et al., 2012;Kallenbach et al., 2015). Ces produits organiques alors enrichis en azote auraient la capacité de s'associer solidement aux surfaces minérales réactives du sol (Knicker, 2011;Kopittke et al., 2018), conférant ainsi à la FOM un taux de résidence beaucoup plus élevé dans le sol. Si l'augmentation de la FOM se traduit pas un stockage du carbone dans le sol sur le long terme grâce aux liens organo-minéraux stables formés au sein de ces complexes très fins, la stabilisation de la POM est majoritairement assurée par son inclusion au sein des agrégats via des agents de stabilisation organiques temporaires et transitoires, tels que des racines, des hyphes fongiques et des polysaccharides microbiens (Tisdall and Oades, 1982). La stabilité de ces agrégats est donc sujette aux facteurs influençant la destruction physique et/ou l'oxydation de ces agents de stabilisation, ce qui fait en sorte que la POM comprise dans ces complexes présente généralement un taux de résidence relativement faible dans le sol (Cambardella and Elliott, 1994;Gregorich et al., 2006;Lavallee et al., 2019). Plusieurs auteurs se sont donc intéressés aux fractions grossières de la matière organique du sol comme étant le principal site de minéralisation de l'azote (Schimel et Bennett, 2004;Bosshard et al., 2008;Bu et al., 2015;Luce et al., 2016). Cependant, jusqu'à maintenant, les méthodes pour isoler en laboratoire une fraction de la matière organique du sol étant directement reliée à sa fertilité ont été développées de manière à être adaptées au contexte cultural et pédoclimatique de l'étude (Luce et al., 2011;Ros, 2012).

La mise en culture d'un sol entraîne une diminution rapide de la quantité de matière organique associée à la POM dans la couche de surface et dans une moindre mesure, à la FOM (Cambardella and Elliott, 1992). En modifiant les conditions d'humidité et d'oxygénation dans la couche de surface (Johnson and Lowery, 1985), le travail continu du sol contribue à l'oxydation des agents de stabilisation des macro-agrégats (Balesdent et al., 2000), ce qui mène à la minéralisation de la matière organique du sol et augmente la proportion de complexes organo-minéraux plus fins (Grandy et Neff, 2008). Cela a donc pour effet d'augmenter la proportion de matière organique stable avec un cycle de vie plus lent par rapport à la fraction plus labile (Balesdent et al., 2000;Grandy and Neff, 2008). Ainsi, bien que le labour puisse transitoirement augmenter la fertilité du sol en favorisant l'oxydation et la minéralisation d'une certaine proportion de la matière organique labile, ultimement, cette pratique agricole peut aussi mener à l'épuisement des ressources du sol qui permettent d'entretenir sa fertilité à long terme (Balesdent et al., 2000).

La gestion des résidus de culture risque elle aussi d'avoir un impact sur la quantité de matière organique du sol. En effet, la décomposition et la transformation des résidus végétaux aériens et souterrains sont les principaux procédés par lesquels la matière organique du sol est formée. Après leur retour au sol, les résidus végétaux sont décomposés avec une efficacité reliée à leur qualité biochimique, ce qui influence leur répartition au sein de différentes fractions de la matière organique du sol (Cotrufo et al., 2013). Les résidus ayant une concentration élevée de composés labiles et un rapport C/N relativement faible présenteraient une efficacité d'utilisation microbienne élevée. Ainsi, ils seraient rapidement décomposés et/ou incorporés dans la biomasse microbienne, génèreraient peu de pertes de carbone par respiration et contribueraient à la formation de FOM (Cotrufo et al., 2013;Cotrufo et al., 2015). D'autre part, les résidus ayant de fortes concentrations de composés structuraux produiraient moins de FOM et auraient plutôt tendance à s'accumuler dans la POM. Ainsi, plus l'efficacité de dégradation microbienne des résidus est élevée, plus la formation de matière organique stable est importante et plus les pertes de CO2 vers l'atmosphère sont réduites (Cotrufo et al., 2013). Cependant, l'effet du retour des résidus sur la matière organique du sol peut considérablement varier en fonction du type de travail du sol effectué.

En effet, alors que le semis direct ou le travail réduit du sol tend à concentrer la matière organique en surface, le labour a pour effet de diluer les apports de matière organique sur la profondeur de sol travaillée et de favoriser l'accumulation de matière organique sous la couche de labour, particulièrement en climats froids et humides (Angers et al., 1997;Angers et Eriksen-Hamel, 2008;Gregorich et al., 2009).

En contexte agricole, la fertilisation a également un rôle important à jouer dans le cycle de la matière organique du sol. L'ajout de N dans le système peut contribuer à la transformation des résidus végétaux en sous-produits microbiens, favorisant ainsi la formation de FOM (Gillespie et al., 2014). Cependant, l'utilisation d'engrais de synthèse pourrait également favoriser la présence de populations de bactéries opportunistes qui consomment rapidement les agents de liaison organiques associés à la formation des macro-agrégats tels que les polysaccharides microbiens ou encore nuire au développement de certaines communautés fongiques (Le Guillou et al., 2012). Inversement, les engrais de ferme ont l'avantage de fournir un apport additionnel de matière organique lors de la fertilisation qui peut s'avérer utile pour améliorer ou maintenir les niveaux de matière organique du sol (Maillard and Angers, 2014). En effet, l'utilisation d'engrais de ferme pourrait non seulement favoriser l'activité microbienne et l'accumulation de matière organique dans les complexes organominéraux stables (Gillespie et al., 2014), mais elle pourrait également contribuer à la stabilité des macro-agrégats [START_REF] Gerzabek | Response of soil aggregate stability to manure amendments in the Ultuna long-term soil organic matter experiment[END_REF][START_REF] Yagüe | Dairy cattle manure effects on soil quality: porosity, earthworms, aggregates and soil organic carbon fractions[END_REF]. Il est d'ailleurs reconnu qu'une application répétée d'engrais de ferme au sol favorise l'accumulation de C et de N dans certaines fractions labiles de la matière organique du sol, ce qui pourrait contribuer à l'arrière-effet des engrais de ferme (Nyiraneza et al., 2010). En effet, Maillard et al. (2015) ont noté une augmentation préférentielle de la matière organique particulaire et lourde Cette fraction, de taille grossière (≥ 50-63 μm) et de poids élevé (≥ 1.6-1.8 g cm -3 ) peut être isolée en laboratoire par une dispersion des agrégats suivie d'un fractionnement granulodensimétrique de la matière organique du sol (Figure I -3). Certains auteurs ont déjà proposé que cette fraction puisse avoir un rôle à jouer dans la fertilité du sol (Robertson et al., 2019), mais cette hypothèse n'a pas encore été explorée, ni vérifiée dans la littérature.

La qualité biochimique de l'engrais de ferme (Obriot et al., 2016) ainsi que l'écart stoechiométrique entre la matière organique indigène et l'apport frais de matière organique au sol (Mooshammer et al., 2014) peuvent aussi influencer la répartition de la matière organique fraîche au sein de fractions plus ou moins stables de la matière organique du sol [START_REF] Finn | Ecological stoichiometry controls the transformation and retention of plant-derived organic matter to humus in response to nitrogen fertilisation[END_REF]. Par exemple, dans une étude canadienne, en climat continental humide, l'application de lisier de porc sur une période de 20 ans n'a occasionné aucune accumulation de carbone dans un loam limoneux argileux (Angers et al., 2010). Les auteurs ont suggéré qu'une minéralisation très rapide de certains composés, comme les acides gras volatils, et la haute disponibilité de l'azote aient pu accélérer la minéralisation de la matière organique native du sol, ce qui aurait annulé l'accumulation à partir des composés organiques du lisier de porc.

Biomasses microbienne et fongique du sol

Les communautés microbiennes du sol influencent le cycle de la matière organique et la stabilité des agrégats non seulement via la décomposition des produits carbonés, mais aussi puisque les produits microbiens sont eux-mêmes les plus importants constituants de la matière organique édaphique après les résidus végétaux [START_REF] Kögel-Knabner | The macromolecular organic composition of plant and microbial residues as inputs to soil organic matter[END_REF]. On peut retrouver jusqu'à 10 7 à 10 12 cellules microbiennes par gramme de sol [START_REF] Watt | Numbers and locations of native bacteria on field-grown wheat roots quantified by fluorescence in situ hybridization (FISH)[END_REF].

Leur localisation est toutefois majoritairement restreinte à des micro-habitats spécifiques représentant au plus 1 % du volume total du sol [START_REF] Young | Microbial distribution in soils: physics and scaling[END_REF]. Au niveau de ces sites, les microorganismes sont plus nombreux et plus actifs, ce qui fait en sorte que les procédés microbiens opèrent à un taux beaucoup plus élevé que dans la matrice de sol en général ( [START_REF] Kuzyakov | Microbial hotspots and hot moments in soil: concept & review[END_REF]. Se localisant majoritairement près des sites qui reçoivent des apports élevés de nutriments, d'eau et de substrats organiques, on les retrouve principalement au niveau de la rhizosphère, de la lithosphère, des biopores, des chemins d'écoulement préférentiels ainsi qu'à la surface des agrégats [START_REF] Guggenberger | Dissolved organic matter in soil: challenging the paradigm of sorptive preservation[END_REF][START_REF] Kleber | Mineral-organic associations: formation, properties, and relevance in soil environments[END_REF][START_REF] Kuzyakov | Microbial hotspots and hot moments in soil: concept & review[END_REF].

Pour adhérer aux surfaces minérales, les microorganismes du sol produisent des substances polymériques extracellulaires principalement composées de polysaccharides et de protéines menant à la formation de biofilms [START_REF] Badireddy | Spectroscopic characterization of extracellular polymeric substances from Escherichia coli and Serratia marcescens: suppression using sub-inhibitory concentrations of bismuth thiols[END_REF]. Les bactéries étant sensibles à la sécheresse, elles s'accumulent préférentiellement à la surface des minéraux ou des résidus hydratés [START_REF] Kleber | Mineral-organic associations: formation, properties, and relevance in soil environments[END_REF]. À l'inverse, en raison du diamètre important des hyphes fongiques et de leur structure filamenteuse, les champignons édaphiques se retrouvent principalement au niveau des pores interconnectés et bien aérés situés entre les agrégats [START_REF] Otten | Continuity of air-filled pores and invasion thresholds for a soil-borne fungal plant pathogen, Rhizoctonia solani[END_REF]Harris et al., 2003) (Figure I -4). Ce faisant, les champignons sont reconnus comme des agents importants de la macro-agrégation des sols [START_REF] Chantigny | Soil aggregation and fungal and bacterial biomass under annual and perennial cropping systems[END_REF] puisqu'ils collaborent au soutien physique des agrégats par leur réseau mycélien en plus de favoriser l'agglomération des particules à la surface des hyphes par la production de substances extracellulaires collantes [START_REF] Chenu | Microbial regulation of soil structural dynamics. The architecture and biology of soils: life in inner space[END_REF]. Les substances hydrophobiques qu'ils sécrètent pourraient par ailleurs considérablement diminuer la mouillabilité des agrégats et ainsi augmenter leur résistance à l'eau [START_REF] Ritz | Interactions between soil structure and fungi[END_REF][START_REF] Rillig | A connection between fungal hydrophobins and soil water repellency?[END_REF]. La prévalence de champignons par rapport aux bactéries dans un écosystème est influencée par plusieurs paramètres, mais de façon générale, la proportion de champignons tend à être plus élevée dans les sols plus légers à pH plus acides alors que les bactéries sont plus compétitives dans les milieux humides à pH neutre [START_REF] Babin | Metal oxides, clay minerals and charcoal determine the composition of microbial communities in matured artificial soils and their response to phenanthrene[END_REF][START_REF] Khan | Microbial biomass, fungal and bacterial residues, and their relationships to the soil organic matter C/N/P/S ratios[END_REF]. Parmi la très grande diversité d'espèces de champignons et de bactéries retrouvée dans les sols agricoles, certaines sont connues pour être particulièrement bénéfiques à la croissance des végétaux et au cycle de la matière organique. En effet, les champignons glomeromycètes sont susceptibles de former une symbiose avec la grande majorité des plantes d'intérêt agricole. Ces champignons endomycorhiziens sont aptes à la dissolution de certains minéraux du sol lorsqu'ils s'associent à des bactéries partenaires. Ils collaborent donc à la nutrition phosphatée de leurs plantes hôtes, mais également à la résistance de ces plantes aux maladies, à la sécheresse, aux ravageurs et au stress [START_REF] Fortin | Les mycorhizes: l'essor de la nouvelle révolution verte[END_REF]. Les champignons mycorhiziens collaborent également davantage que les champignons saprophytiques à la stabilisation de matière organique dans le sol [START_REF] Khan | Microbial biomass, fungal and bacterial residues, and their relationships to the soil organic matter C/N/P/S ratios[END_REF]. Plusieurs bactéries édaphiques jouent aussi un rôle important dans la croissance des végétaux. Certaines espèces de bactéries comme le Rhizobium peuvent fixer l'azote atmosphérique en association avec les légumineuses par la formation de nodules à la surface des racines alors que d'autres bactéries ont la capacité de stimuler directement la croissance végétale des plantes y étant associées en induisant la production de phytohormones [START_REF] Fortin | Les mycorhizes: l'essor de la nouvelle révolution verte[END_REF] Dans un contexte agricole, l'ensemble des pratiques culturales risque d'influencer les populations microbiennes édaphiques. Une méta-analyse menée par [START_REF] Zuber | Meta-analysis approach to assess effect of tillage on microbial biomass and enzyme activities[END_REF] révèle que le semis direct engendre généralement une biomasse microbienne ainsi qu'une activité enzymatique plus élevée dans le sol que les pratiques de travail conventionnel. Le labour est effectivement susceptible d'influencer la dynamique des microorganismes du sol en perturbant la structure des agrégats, en modifiant le microclimat à la surface du sol, en diminuant l'humidité de la matrice et en augmentant la surface de contact entre le sol et les résidus de culture (Balesdent et al., 2000;Martens, 2001). L'effet du travail du sol sur la stratification des stocks de carbone influence également de façon importante la distribution et la structure des communautés microbiennes selon la profondeur (van Capelle et al., 2012).

Selon une revue de la littérature, il semblerait effectivement que les champignons, et particulièrement les mycorhizes à arbuscules, aient une moins grande prévalence dans les sols labourés en raison de la destruction du réseau mycélien et du transport des propagules en profondeur [START_REF] Kabir | Tillage or no-tillage: impact on mycorrhizae[END_REF].

La gestion des résidus a elle aussi une grande importance sur la prévalence de certains groupements microbiens dans le sol, puisque la nature et la durée des ajouts de matières organiques dictent en partie la structure des communautés microbiennes [START_REF] Kuzyakov | Microbial hotspots and hot moments in soil: concept & review[END_REF]. L'ajout de résidus végétaux au sol crée des moments forts d'activité microbienne qui engendrent une succession des communautés ainsi qu'une intense compétition intra et interspécifique ayant ultimement un impact important sur le cycle du carbone, son efficacité d'utilisation et donc, sur la structure du sol [START_REF] Kuzyakov | Microbial hotspots and hot moments in soil: concept & review[END_REF]. Ainsi, l'ajout de composés organiques labiles dans le milieu engendre rapidement une augmentation de la stabilité des agrégats grâce aux polysaccharides exsudés lors de l'activité microbienne stimulée par la présence de molécules relativement simples et facilement dégradables (Tisdall and Oades, 1982;[START_REF] Abiven | Dynamics of aggregate stability and biological binding agents during decomposition of organic materials[END_REF] (Mooshammer et al., 2014;[START_REF] Finn | Ecological stoichiometry controls the transformation and retention of plant-derived organic matter to humus in response to nitrogen fertilisation[END_REF]. Lorsque comparés aux engrais minéraux, les engrais de ferme auraient un effet positif encore plus important sur la biomasse microbienne et la diversité du microbiome édaphique [START_REF] Zhong | The effects of mineral fertilizer and organic manure on soil microbial community and diversity[END_REF]. Sous certaines conditions, le semis direct jumelé à la fertilisation organique aurait également un effet synergique sur la biomasse et la diversité microbienne du sol en surface (Viaud et al., 2011;[START_REF] Wang | Longterm impact of farming practices on soil organic carbon and nitrogen pools and microbial biomass and activity[END_REF].

Propriétés physiques du sol

Les propriétés physiques du sol intègrent un ensemble de variables telles que la structure, la conductivité hydraulique, la capacité de rétention en eau et la densité apparente [START_REF] Dexter | Advances in characterization of soil structure[END_REF]. Ainsi, comparativement à un sol dégradé, un sol ayant des propriétés physiques adéquates présente généralement une meilleure résilience face aux aléas climatiques, une meilleure capacité à soutenir la croissance des plantes ainsi qu'une meilleure résistance à la battance et à l'érosion (Le [START_REF] Bissonnais | Aggregate stability and assessment of soil crustability and erodibility: I. Theory and methodology[END_REF].

Depuis plusieurs années, le semis direct est largement recommandé comme pratique de conservation des sols et de l'eau (Triplett and Dick, 2008). Cependant, les différentes revues de littérature et méta-analyses sur le sujet suggèrent que les effets positifs du semis direct sur les propriétés physiques du sol soient largement influencés par le climat, la texture du sol ainsi que les autres pratiques culturales inhérentes au système. Bien qu'on retrouve dans la littérature de grandes divergences concernant l'effet du semis direct sur la densité apparente du sol [START_REF] Fengyun | The effects of no-tillage practice on soil physical properties[END_REF], la majorité des études suggère tout de même que cette pratique améliore la porosité et la capacité de rétention en eau de la couche superficielle du sol [START_REF] Derpsch | Current status of adoption of no-till farming in the world and some of its main benefits[END_REF]. En plus des macroporosités formées par les réseaux racinaires laissés intacts par le semis direct en fin de saison [START_REF] Angers | Plant-induced changes in soil structure: processes and feedbacks[END_REF], cette pratique favorise également la présence de lombrics dès les premières années de conversion [START_REF] Johnson-Maynard | Earthworm dynamics and soil physical properties in the first three years of no-till management[END_REF]. Ces deux phénomènes ont donc pour effet d'augmenter la proportion de macroporosité, ainsi que le taux d'infiltration et la conductivité hydraulique du sol. En association avec le retour des résidus au sol, le semis direct peut également augmenter la rugosité de surface, prévenir la battance et améliorer la conductivité porale, ce qui contribue ultimement à limiter l'érosion et le ruissellement de surface [START_REF] Armand | Runoff generation related to intra-field soil surface characteristics variability: Application to conservation tillage context[END_REF][START_REF] Blanco-Canqui | Crop Residue Removal Impacts on Soil Productivity and Environmental Quality[END_REF][START_REF] Kahlon | Twenty two years of tillage and mulching impacts on soil physical characteristics and carbon sequestration in Central Ohio[END_REF]. Dans une méta-analyse proposée par Sun et al.

(2015), le semis direct permettrait une réduction du ruissellement de 27,2 % lorsque comparé aux pratiques conventionnelles. Les pertes de sol par érosion seraient également diminuées en moyenne de 60 % en semis direct et l'effet positif de cette pratique serait encore plus marqué pour les sols légers et les climats tempérés [START_REF] Mhazo | Tillage impact on soil erosion by water: Discrepancies due to climate and soil characteristics[END_REF]. La stabilité accrue des agrégats du sol favorisée en semis direct par l'accumulation de composés carbonés dérivés des résidus de culture et de l'activité microbienne (Blanco-Canqui, 2011) serait également un facteur déterminant dans la résistance du sol à la battance et à l'érosion (Le [START_REF] Bissonnais | Aggregate stability and assessment of soil crustability and erodibility: I. Theory and methodology[END_REF].

L'agrégation du sol influence plusieurs propriétés physiques du sol incluant la structure, la porosité, la capacité de rétention en eau, la conductivité hydraulique, l'aération et la susceptibilité à l'érosion [START_REF] Dexter | Advances in characterization of soil structure[END_REF]. De façon générale, le travail du sol diminue le diamètre moyen pondéré des agrégats lorsque comparé au semis direct ou au travail réduit du sol (Sheehy et al., 2015). Ce phénomène est influencé par l'action physique directe du travail du sol sur les agrégats, par leur exposition aux cycles d'humectation-dessiccation et de gel-dégel à la surface du sol (Paustian et al., 1997), mais également par la structure des communautés microbiennes et la concentration de matière organique en surface [START_REF] Holland | Litter placement effects on microbial and organic matter dynamics in an agroecosystem[END_REF]. La stabilité accrue des agrégats du sol est favorisée en semis direct par l'accumulation en surface de composés carbonés dérivés des résidus de culture et de l'activité microbienne [START_REF] Holland | Litter placement effects on microbial and organic matter dynamics in an agroecosystem[END_REF]Blanco-Canqui, 2011). En effet, la matière organique est reconnue pour agir dans la stabilisation des agrégats en augmentant la cohésion entre les particules à l'intérieur de l'agrégat et en augmentant leur hydrophobicité [START_REF] Abiven | The effects of organic inputs over time on soil aggregate stability -A literature analysis[END_REF]. [START_REF] Villamil | Corn residue, tillage, and nitrogen rate effects on soil properties[END_REF] (2009), les produits organiques labiles auraient un effet intense, mais très transitoire sur l'agrégation alors que les matières organiques plus récalcitrantes auraient un effet moins intense, mais plus soutenu sur la stabilité des agrégats (Figure I -5). Ainsi, des résidus de culture avec des teneurs élevées en composés structuraux favoriseraient la longévité de macro-agrégats stables comparativement à des résidus avec une plus grande proportion de composés labiles et un rapport C/N plus faible [START_REF] Martins | Different plant types for different soil ecosystem services[END_REF]. Selon une logique semblable, l'ajout de fumier de bovin favoriserait à long terme un diamètre moyen pondéré plus élevé des agrégats qu'un sol témoin non fertilisé alors qu'un sol fertilisé à long terme avec des engrais minéraux aurait pour effet de diminuer le diamètre moyen pondéré des agrégats, lorsque comparé à ce même témoin (Nyiraneza et al., 2009).

Pratiques de conservation des sols et stockage de carbone

Les sols représentent la plus grande réserve de carbone de la biosphère continentale [START_REF] Post | Soil carbon pools and world life zones[END_REF] et peuvent donc à la fois agir comme une importante source et un important puits de carbone atmosphérique. Lorsqu'un milieu naturel est converti en terre arable, le sol peut perdre de 20 à 70 % de son carbone en raison d'une minéralisation accrue de la matière organique indigène et d'une diminution des apport annuels de matières organiques au sol (Lal, 2001). Cela fait en sorte que les sols agricoles ont été d'importantes sources de dioxyde de carbone au cours des derniers siècles (Lal, 2001). Cependant, en changeant nos pratiques de production, il pourrait être possible de retourner une partie de ce carbone vers les sols (Minasny et al., 2017) (Figure I -6). Stocker du carbone sous forme de matière organique dans les sols pourrait donc non seulement contribuer à la durabilité et la résilience de nos systèmes agricoles, mais pourrait également jouer un rôle dans la lutte aux changements climatiques (Lal et al., 2011). En raison de sa très grande prévalence dans les sols et de son taux de résidence élevé (Kögel-Knabner et al., 2008;Cotrufo et al., 2019), la FOM est souvent considérée comme étant la fraction clé dans laquelle stocker du carbone pour maximiser les bénéfices environnementaux. Toutefois, certaines études suggèrent que le sol dispose d'une quantité limitée de sites actifs pour l'adsorption des composés organiques, ce qui implique qu'un sol donné disposerait d'une capacité maximale à préserver le carbone organique au sein des complexes fins et stables de la FOM (Hassink, 1997). Selon cette hypothèse, la capacité du sol à agir en tant que puits de carbone à long terme serait influencée par son contenu en surfaces minérales réactives ainsi que par le degré de saturation des sites d'adsorption (Hassink et Whitmore, 1997;Six et al., 2002a). Plus le déficit de saturation d'un sol est élevé, plus sa capacité à stabiliser de la nouvelle matière organique au sein de la FOM sera élevée alors qu'un déficit de saturation faible devrait procurer un moins grand potentiel pour la formation de matière organique stable (Castellano et al., 2015). Inversement, la POM ne constitue qu'environ 15 % de la matière organique dans les sols arables et son taux de résidence est beaucoup plus faible que celui de la FOM (Gregorich et al., 2006). Cependant, la POM est une fraction de la matière organique qui réagit très rapidement aux changements de pratiques agricoles (Cambardella et Elliott, 1992;Gregorich et al., 2006;Lambie et al., 2019) et qui n'est théoriquement pas soumise aux concepts de saturation (Lavallee et al., 2019).

Un des facteurs principaux influençant le stockage de carbone dans les sols agricoles est l'utilisation des terres. Ainsi, la conversion d'une prairie ou d'un pâturage vers la production des grandes cultures engendre généralement d'importantes pertes de carbone dans le sol (Guo et Gifford, 2002), tel qu'observé dans la province de Québec au cours des dernières décennies (Statistiques Canada, 2015;Figure I -7). La diminution de la biomasse racinaire et de la diversité des systèmes racinaires sous des régimes de grandes cultures contribue à ces changements de stocks observés. En effet, de plus en plus d'études soulignent le rôle majeur des systèmes racinaires dans le stockage de matière organique dans le sol [START_REF] Johnson | Estimating source carbon from crop residues, roots and rhizodeposits using the national grain-yield database[END_REF][START_REF] Crews | What agriculture can learn from native ecosystems in building soil organic matter: A review[END_REF]. En fonction de leurs traits physionomiques, les racines des plantes peuvent contribuer au stockage de carbone dans les sols de différentes façons : par leur présence dans le sol pendant la croissance et après la sénescence de la plante, par la rhizodéposition de composés métaboliques près des surfaces minérales, ainsi que par l'effet positif du réseau racinaire sur la stabilisation physique des agrégats [START_REF] Poirier | The root of the matter: linking root traits and soil organic matter stabilization processes[END_REF].

Dans les systèmes de grandes cultures, les sols contiennent généralement beaucoup moins de biomasse racinaire, comparativement aux milieux naturels [START_REF] Crews | What agriculture can learn from native ecosystems in building soil organic matter: A review[END_REF].

Cependant, en adoptant certaines pratiques de conservation sur ces terres appauvries, il peut être possible d'augmenter considérablement leurs stocks de carbone (Minasny et al. 2017).

Puisque la majorité des études en science du sol se sont jusqu'à maintenant principalement intéressées à la couche de surface, il était généralement reconnu que le travail réduit et le semis direct permettent de stocker du carbone dans les sols, lorsque comparé au labour [START_REF] West | Soil organic carbon sequestration rates by tillage and crop rotation: a global data analysis[END_REF]. Selon de récentes méta-analyses, il semble toutefois que le type de travail du sol n'engendre simplement qu'un déplacement de la matière organique le long du profil (Angers et Eriksen-Hamel, 2008;[START_REF] Luo | Can no-tillage stimulate carbon sequestration in agricultural soils? A meta-analysis of paired experiments[END_REF]. En effet, le semis direct augmente la proportion de carbone organique dans la couche de surface alors que les sols labourés présentent une quantité plus élevée de matière organique dans les couches plus profondes (Angers and Eriksen-Hamel, 2008;[START_REF] Luo | Can no-tillage stimulate carbon sequestration in agricultural soils? A meta-analysis of paired experiments[END_REF]Viaud et al., 2011). Sous semis direct, on observe donc une accumulation de POM à la surface du sol, puisque les résidus végétaux aériens et des racines sont laissés à la surface du sol [START_REF] Wander | Tillage impacts on depth distribution of total and particulate organic matter in three Illinois soils[END_REF]. Inversement, lorsque le sol est labouré, les résidus végétaux sont partiellement incorporés en profondeur, ce qui favorise l'accumulation de POM sous la couche de labour [START_REF] Wander | Tillage impacts on depth distribution of total and particulate organic matter in three Illinois soils[END_REF], où sa dégradation est ralentie, particulièrement en conditions froides et humides (Angers et al., 1997). En surface, le labour engendre le bris mécanique et l'oxydation des agents de stabilisation organiques tels que les racines, les hyphes fongiques et les polysaccharides microbiens, ce qui favorise la dispersion des macro-agrégats, expose la matière organique y étant contenue, favorise sa minéralisation et mène ultimement à la formation de complexes organo-minéraux plus fins (Grandy et Neff, 2008). Ainsi, lorsque l'ensemble du profil est considéré, les gains en surface observés en semis direct sont compensés par des apports plus importants en profondeur avec le labour, ce qui fait en sorte que le travail du sol a généralement peu d'impact sur les stocks totaux de carbone du sol lorsqu'on considère l'ensemble du profil (Angers et Eriksen-Hamel, 2008;[START_REF] Luo | Can no-tillage stimulate carbon sequestration in agricultural soils? A meta-analysis of paired experiments[END_REF].

Ainsi, il semble que l'apport régulier de matières organiques fraîches au sol soit souvent nécessaire pour maintenir ou augmenter les stocks de carbone du sol (Nyiraneza et al., 2009;Warren Raffa et al., 2015). Cet apport de matières organiques au sol peut être assuré notamment par une augmentation de la couverture du sol dans le temps et dans l'espace (cultures intercalaires, cultures de couverture, engrais verts, etc.) et/ou en retournant au sol les résidus végétaux aériens ou d'autres amendements organiques, tels que les engrais de ferme. Le coefficient de rétention moyen du carbone appliqué au sol par le retour des résidus de culture varie typiquement entre 6 à 14 % (Campbell et al., 1991;Buyanovsky and Wagner, 1998;Thomsen and Christensen, 2004;[START_REF] Kong | The relationship between carbon input, aggregation, and soil organic carbon stabilization in sustainable cropping systems[END_REF] alors que celui des engrais de ferme est plutôt de l'ordre de 8 à 37 % [START_REF] Bhogal | The effects of reduced tillage practices and organic material additions on the carbon content of arable soils[END_REF]Maillard and Angers, 2014). La composition biochimique de l'apport influence également sa répartition au sein de différentes fractions de la matière organique du sol. Par exemple, les apports labiles ayant une faible concentration en lignine et une quantité d'azote relativement élevée favorisent l'efficacité d'utilisation microbienne et contribuent davantage à la formation de FOM, et donc à la stabilisation du carbone dans le sol sur le long terme (Cotrufo et al., 2013). Inversement, les apports organiques contenant une forte proportion de composés structuraux et une faible quantité d'azote risquent de contribuer de façon moins importante à la formation de FOM (Cotrufo et al., 2013), mais peuvent tout de même créer une accumulation de POM dans le sol et favoriser la macro-agrégation [START_REF] Abiven | The effects of organic inputs over time on soil aggregate stability -A literature analysis[END_REF]Le Guillou et al., 2012).

Ultimement, la répartition des apports de matières organiques fraîches au sein de ces fractions dépend également du type de sol et de sa texture (Cotrufo et al., 2013;Castellano et al., 2015).

Tel que mentionné précédemment, la majorité des études évaluant l'effet des pratiques agricoles sur les stocks de carbone du sol s'est surtout intéressée à la couche de surface, puisqu'on croyait alors que le carbone profond était très stable (Wang et al., 1999;Chabbi et al., 2009;Hobley et al., 2017). Cependant, de récentes études démontrent que sous certaines conditions, une partie du carbone profond (> 30 cm) peut s'avérer réactive (Baisden et Parfitt, 2007;Chabbi et al., 2009;Don et al., 2011) et même être affectée par certaines pratiques agricoles sur une échelle de temps décennale (Harrison et al., 2011;Shahbaz et al., 2017).

Puisque le carbone profond représente plus de la moitié des stocks de carbone totaux à l'échelle globale (Jobbágy et Jackson, 2000;Harrison et al., 2011;Balesdent et al., 2018), le sol des couches profondes a été récemment identifié comme étant l'un des compartiments clés à privilégier pour le stockage de carbone stable (Lorenz et Lal, 2005;Chen et al., 2018;Bertrand et al., 2019). Toutefois, les conditions environnementales et les mécanismes de stabilisation prévalents varient selon la profondeur (Poirier et al. 2020), ce qui fait en sorte que l'on connaît encore assez peu le cycle du carbone profond (Rumpel et Kögel-Knabner, 2011). Plus d'études seront donc nécessaires afin de comprendre si, et comment, il est possible d'influencer les stocks de carbone profond grâce aux pratiques agricoles.

Objectifs de recherche

Cette revue de littérature démontre que les réponses du sol et des plantes aux pratiques de conservation en grandes cultures dépendent des interactions entre les pratiques agricoles et (1) Vérifier s'il existe une relation ou des interactions entre le type de sol, le travail du sol, la gestion des résidus, la source fertilisante (lisier de porc, lisier de bovin, fumier de volaille ou engrais minéral), les conditions météorologiques de la saison de croissance et le rendement des cultures de blé, de maïs et de soya.

(2) Évaluer, dans deux Brunisols à texture contrastée, les effets (simples et croisés) du travail du sol, de la gestion des résidus et de la source fertilisante (lisier de porc, lisier de bovin, fumier de volaille ou engrais minéral) sur différents indicateurs de la santé des sols (concentration en C organique, biomasse microbienne, diamètre des agrégats, sucres neutres, sucres aminés, fractions granulo-densimétriques de la matière organique du sol) et sur l'importance respective de chaque facteur en fonction de la texture du sol.

(3) Évaluer, dans deux Brunisols à texture contrastée, les effets de la quantité et de la qualité biochimique de différents apports organiques (résidus de cultures, lisier de porc, lisier de bovin, fumier de volaille) sur la concentration en carbone et en azote de différentes fractions granulo-densimétriques de la matière organique de surface (0-5 cm) sous travail réduit du sol.

(4) Dans un modèle conceptuel, tenter d'intégrer le cycle de l'azote des sols agricoles aux connaissances actuelles concernant les mécanismes biogéochimiques impliqués dans le cycle du carbone, en considérant la coarse-MAOM comme site actif dans la fertilité des sols.

(5) Évaluer, dans deux Brunisols à texture contrastée, les effets (simples et croisés) du travail du sol, de la gestion des résidus et de la source fertilisante (lisier de porc, lisier de bovin, fumier de volaille ou engrais minéral) sur les stocks de carbone et d'azote jusqu'à une profondeur de 60 cm.

Hypothèses

En nous basant sur la revue de littérature présentée dans l'introduction, nous avons posé plusieurs hypothèses en lien avec nos objectifs de recherche. Ces hypothèses ont été divisées en quatre grands groupes, soit : 1) rendement des cultures, 2) santé du sol, 3) fertilité du sol et 4) stocks de carbone et d'azote du sol. Dans ces hypothèses, le terme « pratiques de conservation des sols » réfère au travail réduit du sol, au retour des résidus de culture et à l'utilisation d'engrais de ferme.

Rendement des cultures

(1) Le rendement des cultures est fortement influencé par l'interaction des pratiques de conservation, ainsi que par le type de sol et les conditions météorologiques de la saison de croissance.

(2) En travail réduit, les rendements sont inférieurs si les résidus sont retournés au sol, peu importe la texture de sol et particulièrement lors des premières années de transition.

(3) L'engrais minéral complet permet d'obtenir de meilleurs rendements de maïs et de blé dans les premières années, mais une utilisation répétée d'engrais de ferme permet de diminuer cet écart après quelques années. 

Introduction

Over the last two decades, 20% of global cropland showed persistent declining productivity (UNCCD, 2017). To face the challenge of feeding the world's growing population and ensure our resilience to climate change, the adoption of agricultural practices that simultaneously promote soil health and good crop yield is crucially needed [START_REF] Godfray | Food security: the challenge of feeding 9 billion people[END_REF]. Reduced tillage, retaining crop residues, and organic fertilization are considered as pillars of sustainable agriculture (Hobbs et al., 2008). All these practices influence crop yields directly through their impact on soil water and nutrient availability, and indirectly through their effect on soil structure, organic matter formation and nutrient cycling. However, most of the available literature provides insights to the effect of agricultural practices considered individually. As cropping systems generally include combinations of practices, more field studies are required to better understand the net effect of combined practices on the productivity of cropping systems.

Even if no-till is known to improve soil health and resilience [START_REF] Verhulst | Conservation agriculture, improving soil quality for sustainable production systems[END_REF]Sheehy et al., 2015;[START_REF] Zuber | Meta-analysis approach to assess effect of tillage on microbial biomass and enzyme activities[END_REF], only 7% of the world's arable land is under no-till management [START_REF] Kassam | The spread of Conservation Agriculture: justification, sustainability and uptake[END_REF]. This is partly attributable to the variable effects of no-till on crop yield as a function of crop type, climate and soil conditions (Toliver et al., 2012;Pittelkow et al., 2015). At the global scale, no-till was found to reduce crop yield by 5.1% on average, relative to conventional tillage (Pittelkow et al., 2015). In general, yields tend to decrease in the first years following no-till implementation, but can increase considerably after 3 to 10 years (Pittelkow et al., 2015). The adoption of reduced tillage practices and/or an enhanced nitrogen (N) fertilization could offset the negative effect of no-till on cereal yield (Malhi and Nyborg, 1990;Martens, 2001;Van Den Putte et al., 2010). However, under no-till, nitrogen use efficiency (NUE) is also influenced by other agricultural practices such as crop residue management (Malhi and Nyborg, 1990;Dalal et al., 2011).

Crop residues can either be returned to soil or harvested for other uses, such as livestock bedding or biofuel production [START_REF] Stumborg | Sustainability and economic issues for cereal crop residue export[END_REF]. Long term crop residue harvesting, however, can be deleterious to soil fertility by reducing organic matter inputs (Warren Raffa et al., 2015) and soil organic matter (SOM) content, which negatively impacts soil physical, chemical and biological status (Reeves, 1997). On the other hand, retaining crop residues in the field may have different consequences depending on placement. Under cool and humid conditions, a negative effect on crop yield is often reported where crop residues are left on the soil surface, because of waterlogging, lower soil temperatures, and/or enhanced pest infestation (Nyborg et al., 1995;[START_REF] Cantero-Martı Ńez | Growth, yield and water productivity of barley (Hordeum vulgare L.) affected by tillage and N fertilization in Mediterranean semiarid, rainfed conditions of Spain[END_REF].

Animal manure is an interesting substitute for mineral fertilizers because it can simultaneously promote crop yield (Webb et al., 2013), accumulation of organic matter in soils (Aoyama et al., 1999;Maillard and Angers, 2014;Maillard et al., 2015), and long-term soil fertility (Bolinder et al., 1999;Nyiraneza et al., 2009Nyiraneza et al., , 2010)). In fact, the manure organic N that is not mineralized in the year of application can accumulate in soil and lead to a residual N fertilizer effect [START_REF] Schroder | Long-term nitrogen supply from cattle slurry[END_REF][START_REF] Mallory | Seasonal nitrogen availability from current and past applications of manure[END_REF]Webb et al., 2013).

Thus, manure NUE and the magnitude of its residual effect both depend on the chemical composition of manure, and on its mineralization rate, which is influenced by abiotic factors such as soil type and weather conditions [START_REF] Chantigny | Dynamics of pig slurry nitrogen in soil and plant as determined with N[END_REF]Watts et al., 2007;Webb et al., 2013;[START_REF] Thomas | Mineralizable nitrogen responds differently to manure type in contrasting soil textures[END_REF].

In addition to the interactions among agricultural practices, soil type and weather conditions can also explain a considerable part of the variability in crop yield (Nyborg et al., 1995;Malhi et al., 2006). We further hypothesize that yield responses to a specific combination of agricultural practices vary with crop species. Long-term studies are necessary to further our understanding of responses of different crop species to combinations of agricultural practices as a function of soil type, and weather conditions (Dimassi et al., 2014;Pittelkow et al., 2015). To our knowledge, there has been no study considering the combined effects of soil tillage, residue management and fertilizer source on two contrasting soil types. The main objective of this study was to determine how interactions among these management practices affected the agronomic performance (yield and NUE) of a spring wheatcornsoybean rotation depending on soil type.

Materials and methods

Experimental Site and Treatments

The experimental site is located at the Laval University agronomic research station in St-Augustin-de-Desmaures, near Quebec City, Canada (46°44´ N, 71°31´ W). It consists of two field sites located 0.9 km apart on two contrasting soil types: a poorly drained silty clay soil (432 g kg -1 clay, 163 g kg -1 sand, 35 g C kg -1 , and 2.7 g N kg -1 ) and a moderately to welldrained sandy loam soil (170 g kg -1 clay, 680 g kg -1 sand, 19 g C kg -1 , and 1.5 g N kg -1 ).

These soils are classified as mixed frigid dystric eutrudept and mixed frigid typic dystrudept, respectively (Laflamme and Raymond, 1973). The two soils had been under annual crop rotations before plot establishment and were both cropped to silage corn in 2008.

In autumn 2008, experimental plots were delineated and arranged as a randomized complete block factorial design with split-split-plot restriction and three replications. Plots were cropped to spring wheat in 2009 and 2010, and to a corn-soybean-wheat rotation from 2011 to 2017. Detailed agronomic practices are presented in Table 123456 Fertilizer treatments were based on crop N requirements, and N rates were based on local recommendations corresponding to the minimum N rates recommended for wheat (90 kg N ha -1 ), corn (120 kg N ha -1 ), and soybean (0 kg N ha -1 ) for the region of study (CRAAQ, 2010).

In the NPK treatment, N was applied as calcium ammonium nitrate (27-0-0). The application rates for the manures were calculated considering that 80% of manure total N is available to crop (CRAAQ, 2003). In 2013, the N availability was adjusted to 70% for LDM (CRAAQ, 2010). Application rates for P (triple superphosphate (0-46-0)) and K (potassium chloride (0-0-62)) in the PK and NPK treatments were also based on local recommendations. Phosphorus rate was adjusted for initial soil P content (Mehlich 3 extraction, 233 kg P ha -1 and 127 kg P ha -1 for sandy loam soil and silty clay soil, respectively) (CRAAQ, 2003(CRAAQ, , 2010)) 

Sampling and Analyses

Manures Each spring, raw LDM was collected from an earthen concrete storage tank on a dairy farm, after about six months of storage. The LSM came from a commercial farrow-to-finish operation and was usually collected in the holding tank in the pig barn. Fresh SPM was obtained from a commercial broiler operation and included bedding material composed of wood shavings. Each effluent was subsampled and analyzed for total N content (Kjeldahl digestion) to determine N application rates. On each application date, a composite subsample of each manure type was taken for detailed analyses. The pH of LDM and LSM was measured by direct reading with a glass electrode, whereas distilled water was added to SPM (10:1, water:SPM ratio) before reading with the electrode. Total N and P concentrations were determined by Kjeldahl acid digestion and measurement of NH4 and PO4 concentrations using an automated continuous-flow colorimeter (QuickChem 8000 FIA+; Lachat Instruments, Loveland, CO) [START_REF] Chantigny | Gaseous nitrogen emissions and forage nitrogen uptake on soils fertilized with raw and treated swine manure[END_REF]. The mineral N content of manures was determined by shaking 5 g of fresh manure with 125 mL of 1 mol L -1 KCl for 60 min. The extract was filtered through prewashed (1 mol L -1 KCl) Whatman #42 filter paper, and the NH4 and NO3 + NO2 concentrations were measured using the same colorimeter. A subsample Chemical and physical characteristics of the manures are provided in (Table 1 -8 (S3)).

Crop yield and NUE

Plants were harvested at maturity using a small-plot harvester (Classic 2004, Wintersteiger, Ried, im Innkreis, Austria) for wheat and soybean, and by hand for corn. All aboveground material was removed from the plots. Grains were separated from vegetative parts and weighed separately to determine grain and residue yield. A 500-g subsample of residue materials was taken to determine DM content after drying at 55°C for 3 days, and data are presented on a 100% DM content basis. The rest of residue materials was returned to and evenly distributed on the RR plots; residues were not returned to RH plots.

Grain water content was measured on a 250-g winnowed subsample, and grain yield was corrected for water content (13.5% for wheat, 15% for corn and 13% for soybean) using a moisture meter (Model 919, Labtronics, Trois-Rivières, QC, CA). Crop N use efficiency (NUE) was calculated to better illustrate the fraction of the applied N that was absorbed by the plant and converted to grain. The NUE, also referred to as the agronomic efficiency [START_REF] Woli | Corn era hybrid response to nitrogen fertilization[END_REF], was calculated as follows: grain yield (kg m -2 ) obtained with N sourcegrain yield (kg m -2 ) obtained with PK, divided by the total N applied (kg m -2 ) with the N source.

Univariate Statistical Analysis

Statistical analysis was performed with the mixed procedure of Statistical Analysis System (SAS Institute, 2017). A combined (two sites with contrasting soil texture) factorial ANOVA model was used with year as a repeated measure to consider the interactions between soil types, treatments and years. The responses of each crop type were assessed separately. Blocks were considered as a random factor while soil tillage, N source, residue management, soil type and production year were considered as fixed effects. Production year was included as a fixed repeated measure to account for the cumulative effects of treatments over time.

Variance-covariance matrix was chosen to minimize the Akaike criterion, and the Kenward-Roger method was used to calculate the degrees of freedom. Homogeneity of variance was verified through the analysis of residuals. The results of these statistical tests were declared significant at P ≤ 0.05. Wheat grain yields in 2009 and 2010 were previously published by [START_REF] Rieux | Yield and bread-making potential of spring wheat under mineral and organic fertilization[END_REF]. We included these data in our statistical analysis since they represent the starting point of the experiment.

Multivariate statistical analysis

Surface soil (0-10 cm) was sampled in autumn 2010, 2013 and 2016, between wheat harvest and soil tillage, to measure different soil characteristics in the autumn preceding corn. Soil carbon and N concentrations were measured by dry combustion with a CNS analyzer (LECO, TRUSPEC, Leco Corp., St-Joseph, MI, USA) on air-dried soil, ground at 0.5 mm (Skjemstad and Baldock, 2007). Soil bulk density (cylinder method) and water content (weight loss at 105ºC for 24 h) were measured as per [START_REF] Hao | Soil density and porosity[END_REF], and soil pH was measured in a 1:1 soil:water slurry with a pH meter (Accumet AR20, Fisher Scientific, Hampton, NH, USA).

Soil residual mineral N concentration was determined on a fresh soil subsample by KCl (1M) extraction and colorimetric analysis [START_REF] Johnson-Maynard | Earthworm dynamics and soil physical properties in the first three years of no-till management[END_REF]. Soil texture was considered as a permanent soil characteristic and was measured in 2008 only with the sieve-pipette method (Sheldrick and Wang, 1993). These soil variables were measured on each autumn before corn and were thus used in conjunction with quantitative management variables (available N applied with each fertilizer source, average C/N ratio of manures, quantity of residues returned to soil) to perform a basic regression tree analysis. The basic regression tree model [START_REF] Kuhn | Applied Predictive Modeling[END_REF] was fitted using corn yield as the response variable, and all the above-mentioned variables and year as predictors. In total, a set of 11 variables were analyzed by the model (n=1320) in order to determine the main factors driving corn yields in this experiment. To avoid overfitting, the quantity of final nodes was tuned using conditional inference trees [START_REF] Hothorn | Unbiased recursive partitioning: a conditional inference framework[END_REF]. Selection of the better predictor for partitioning was made through a mean comparison statistical test. Since the choice of the P determines the tree complexity, P was tuned using the R software package caret [START_REF] Kuhn | Caret: classification and regression training[END_REF]. After tuning, the tree was fitted using the R software package partykit [START_REF] Hothorn | Partykit: a modular toolkit for recursive partytioning in R[END_REF].

Results

Corn Among all treatments, corn grain yield, stalk yield and NUE were highly influenced by fertilizer source (Table 1-1). Corn yielded significantly more with all N treatments than the PK treatment (Table 1-2). Among manures, the LSM in 2011 was the only one resulting in corn grain yield similar to the NPK treatment. On average, manures decreased corn grain yield by 12% relative to the NPK treatment in 2011 and 2014, and by 38% in 2017 (Table 1 -2). Stalk yield generally followed the same trends as grain yield. The NUE was always the highest in the NPK treatment, particularly in 2017 when NUE of the NPK treatment was 2.6 times higher than the average NUE of manures (Table 1 -2). The NUE was generally greater in the sandy loam than in the silty clay with all treatments and in all years (average values of 26.5 vs 18.2 kg grain kg-1 N applied, respectively).

A three-way interaction between soil type, fertilizer source and residue management also significantly influenced corn grain and stalk yields (Table 1 -1). Residue management did not affect corn performance in the sandy loam. However, in the silty clay, corn grain yield was on average 13% lower in RR than in RH plots when combined with LSM and LDM (Figure 1 -1). On average over years, the LSM-RH treatment in the silty clay soil was the only organic N treatment which resulted in corn grain yield similar to the NPK treatment.

Tillage effect on corn grain yield interacted with year and soil type (Table 1 -1). In the poorly drained silty clay soil, tillage did not influence yield in the first two corn years, but MT yielded 30% more than MB in 2017 (Table 1 -3). In the sandy loam however, MB yielded more than MT in two out of three years. Tillage also interacted with residue management in both soil types (Table 1 -1). All other factors combined, the MB-RR, MB-RH and MT-RH gave similar corn grain yield (6022 kg ha-1, on average), whereas yield in MT-RR was significantly lower (5211 kg ha-1).

We performed a regression tree with corn years to highlight the main pedoclimatic and management factors driving corn grain yield under the experimental conditions (Figure 1 -2). The primary splitting nod of the regression tree (node 1) illustrates that providing less than 110 kg available N ha-1 to corn resulted in substantially lower yields. Among the treatments that received low N rates, soils containing < 4.31 mg kg-1 residual mineral N in the previous autumn (node 3) generally resulted in lower corn grain yield in the next year.

Among the treatments that received at least 110 kg N ha-1, the next best predictor of corn grain yield was year (node 9). In 2011 and 2014, two years with temperature and precipitation above the 30-y averages in July and August ( 

Wheat

Wheat grain and straw yields were influenced by a three-way interaction between years, soil type and fertilizer source, while NUE was not (Table 1 -1). Wheat grain yield was generally greater in the silty clay than in the sandy loam (Table 1 -4). In the silty clay, wheat yield was similar among all N sources in three out of four years. In the sandy loam, however, grain yield depended on the fertilizer source. The LSM yielded as much as the NPK treatment in three out of four years, while the SPM yielded as much as the NPK treatment in two out of four years, and the LDM only performed as well as the others in 2009. Straw yield, however, varied among N sources in both soil types (Table 12345). On average over years, straw yield was the highest with NPK, intermediate with the manures, and the lowest with PK.

A three-way interaction between year, soil type and tillage influenced wheat grain and straw yield but did not affect NUE (Table 1 -1). In the silty clay, we observed a negative effect of MT on wheat grain yield in 2010, but a positive effect of MT was found afterwards with 10% and 16% greater yield with MT than MB in 2013 and 2016, respectively (Table 1 -3). In the sandy loam, little effect of soil tillage was found, except in 2013 when wheat grain yield was 9.5% less under MT than MB.

The effect of tillage on wheat straw yield was variable and inconsistent among years in the sandy loam, and no effect was found on straw yield in the silty clay (Table 1 -3). The effect of residue management on wheat straw and grain yields was also year dependent (Table 1 -1). In 2010, the only year when wheat was cropped after wheat, wheat grain and straw yield were significantly lower in the RR than in the RH treatment (3166 kg ha -1 and 3428 kg ha -1 grain yield, and 3536 kg ha -1 and 3544 kg ha -1 straw yield, respectively), but no effect of residue management was observed in the other years when wheat was cropped after soybean.

Soybean

Soybean grain and straw yields were dominantly influenced by soil type and tillage, but responses varied between years (Table 1 -1). Soybean yield in the sandy loam was 6% greater than in the silty clay in 2012 (3548 and 3341 kg ha -1 , respectively), but 7% less in the sandy loam than in the silty clay in 2015 (3923 and 4216 kg ha -1 , respectively), and the same trend was observed for straw. Tillage had no effect on soybean grain yield in 2012, but MT improved mean yield by 13% in the sandy loam and by 8% in the silty clay in 2015 (Table 1 -3). Tillage treatments did not influence soybean straw yield. A three-way interaction between soil type, tillage and fertilizer source on soybean grain and straw yield was found even though fertilizers were not applied on soybean years (Table 1 -1). Fertilization in the previous year had little residual effect on soybean yield in the silty clay, whereas a clear residual effect on grain and straw yield was observed in the sandy loam (Figure 1 -3). In the sandy loam, manures increased grain yield by 14% on average when compared to the NPK treatment under MT. Under MB, SPM and LDM increased grain yield by 10% when compared to the NPK and PK treatments. A similar trend was observed for straw yield.

Retaining residues did not affect soybean grain yield and had a negative effect on soybean straw yield (1935 kg ha -1 and 1887 kg ha -1 for RH and RR treatments, respectively).

Discussion

Corn

Corn grain yield was very sensitive to the fertilizer source, most likely because we applied the lowest recommended dose of N to corn (120 kg N ha -1 ). The regression tree revealed that in the area of study, corn required at least 110 kg N ha -1 to produce acceptable grain yield, whatever the type of soil or the year conditions. This is in line with local recommendations that propose a minimum fertilization rate of 120 kg N ha -1 for corn grain production (CRAAQ, 2010). The effect of fertilizer treatments was exacerbated when weather conditions did not favor soil and manure N mineralization. In 2017, for instance, corn grain yield was particularly low with organic fertilizer sources as compared to the NPK treatment, but stalk yield was high in all treatments. This suggests that sufficient water and nutrients were present during leaves and stalk formation, but that shortages likely occurred during later growth stages. In July and August 2017, during the critical stages of tasseling and pollination, the particularly dry and cold weather conditions (Table 1 -7 (S2)) likely reduced water supply and N mineralization and release from soil and manures [START_REF] Bolinder | Soil carbon dynamics in Canadian Agricultural Ecoregions: quantifying climatic influence on soil biological activity[END_REF]Leiros et al. 1999;[START_REF] Van Es | Nitrogen management for maize in humid regions: case for a dynamic modeling approach[END_REF]). The very poor performance of corn in the PK treatment in 2017 is consistent with the idea that weather conditions limited organic matter mineralization and, thus, soil N supply. In addition, the particularly dry conditions in that period may have compromised kernel formation and filling through a reduced carbohydrate translocation from leaves to grains [START_REF] Shaw | Climatic requirement[END_REF][START_REF] Wolfe | Interactive water and nitrogen effects on senescence of maize. I. Leaf area duration, nitrogen distribution, and yield[END_REF]. By contrast, in warmer and wetter years (2011,2014), corn yield was mainly driven by soil type, with lower yields in the poorly drained silty clay than in the well-drained sandy loam. In the well-drained soils, corn yield was again mainly driven by the fertilizer source, with generally greater yield with NPK and LSM than with LDM and SPM. The particularly low C/N ratio and high NH4-N concentration of the LSM (C/N=6 and NH4-N=4.6 g kg -1 ) as compared LDM (C/N=11 and NH4-N=1.1 g kg -1 ) and SPM (C/N=13 and NH4-N=3.9 g kg -1 ) (Table 12345678 Overall, corn NUE with the manures was lower in the fine textured silty clay than in the sandy loam. This could be explained by a rapid and substantial fixation of manure-derived NH4-N in clay lattices (Sørensen and Jensen, 1995;[START_REF] Chantigny | Dynamics of pig slurry nitrogen in soil and plant as determined with N[END_REF], and by a lower N mineralization rate in the fine textured soil [START_REF] Ros | Predicting soil N mineralization: relevance of organic matter fractions and soil properties[END_REF], which likely compromised fertilizer N availability in early season. In the silty clay, the reduction in corn grain yield where LSM and LDM were applied with crop residues at the soil surface was attributed to a better contact between the liquid manures and crop residues, as compared to the SPM and the granular NPK fertilizers, which further reduced the availability of LSM and LDM N to corn (Sørensen and Jensen, 1995;[START_REF] Sørensen | The use of 15N labelling to study the turnover and utilization of ruminant manure N[END_REF]. Therefore, immobilization of available N through a combination of clay fixation [START_REF] Chantigny | Fate of carbon and nitrogen from animal manure and crop residues in cold and wet soils[END_REF] and the presence of abundant wheat straw (~ 3 440 kg ha -1 ) with a wide C:N ratio [START_REF] Nicolardot | Simulation of C and N mineralisation during crop residue decomposition: a simple dynamic model based on the C:N ratio of the residues[END_REF][START_REF] Chantigny | Fate of carbon and nitrogen from animal manure and crop residues in cold and wet soils[END_REF] at the soil surface likely reduced manure-derived N availability to corn in the fine textured silty clay, and especially N availability from LSM and LDM.

Tillage differentially affected corn grain yield depending on soil type and year. We hypothesize that MT gradually improved soil structure and hydraulic conductivity over time in the naturally poorly-drained silty clay (Pagliai et al., 2004), which resulted in greater corn yield under MT as compared to MB in 2017. In the sandy loam, however, MT yielded less corn grain than MB in 2014 and 2017. This could be partly attributed to the moderate population of yellow foxtail that developed over time under MT. In fact, we observed a postemergence foxtail recovering in corn years, probably because of its wide row spacing as compared to soybean and wheat. However, when all years and soil types were combined, MT yielded less than MB only when crop residues were returned to soil. It is therefore likely that under the cold and humid conditions of our experiment, the wheat straw mulch that developed under reduced tillage with RR caused poor seed placement and/or delayed soil warming in spring [START_REF] Dwyer | Tillage effects on soil temperature, shoot dry matter accumulation and corn grain yield[END_REF][START_REF] Defelice | Influence of tillage on corn and soybean yield in the United States and Canada[END_REF]Rusinamhodzi et al., 2011). Corn being a C4 crop species, its development is particularly vulnerable to lower soil temperature in the spring [START_REF] Van Wijk | Soil temperature and the early growth of corn from mulched and unmulched soil[END_REF].

Wheat [START_REF] Thomsen | Nitrogen use efficiency of N-15-labeled poultry manure[END_REF] and [START_REF] Jensen | Availability of nitrogen in 15N-labeled ruminant manure components to successively grown crops[END_REF] found that 45 to 67% of N taken up by wheat plants was soil derived. The particularly high wheat grain yield observed in the silty clay, as compared to the sandy loam, could therefore be partly explained by its greater N content and supply capacity (Bloom et al., 1988;Webb et al. 1998;Webb et al. 2013). Assuming that soil N mineralization was high and well synchronized with wheat N demand in the silty clay, it is likely that it blurred the effect of fertilizer treatments. In the coarse-textured sandy loam, however, soil N supply capacity was probably limited, which induced a greater response of wheat grain yield to the fertilizer source [START_REF] Cerny | Mineral and organic fertilization efficiency in long-term stationary experiments[END_REF][START_REF] Hlisnikovský | Effect of fertilizer application, soil type, and year on yield and technological parameters of winter wheat (Triticum aestivum) in the Czech Republic[END_REF]). Among the organic fertilizer sources, LSM was the only one to yield as much as the NPK treatment in three out of four years, consistent with the results obtained for corn.

Also in agreement with corn, the MT treatment tended to reduce wheat grain yield in the first years after implementation, but it significantly improved yield a few years later (starting in 2013). This finding corroborates our hypothesis that benefits of MT on soil properties gradually developed in the silty clay soil, which eventually furthered yield. In the sandy loam, however, little effect of soil tillage was found, likely because improvements in soil structure and hydraulic conductivity with MT were more critical to wheat growing on the poorly drained silty clay than the well-drained sandy loam.

Residue management affected wheat grain yield in 2010 but not in the other years. This is probably related to the fact that wheat was grown after wheat in 2010, and after soybean in 2013 and 2016. On average, wheat produced more residues (~ 3400 kg ha -1 ) than soybean (~ 1900 kg ha -1 ). The presence of abundant wheat residues on the soil in 2010 could not only have created a more pronounced mulch effect, but it could also have created favourable conditions for the development of wheat diseases. This result highlights the importance to consider crop sequence and associated amounts of residues when assessing the effect of residue management on crop yield in the next year [START_REF] Flower | Rainfall, rotations and residue level affect no-tillage wheat yield and gross margin in a Mediterraneantype environment[END_REF].

Soybean

Soybean yield is generally greater in soils with higher clay [START_REF] Cox | Variability of selected soil properties and their relationships with soybean yield[END_REF] and organic matter [START_REF] Kravchenko | Correlation of corn and soybean grain yield with topography and soil properties[END_REF] concentrations. However, our results showed that soybean yield was not always greater in the silty clay soil. For instance, in 2012, soybean yields were higher in the sandy loam than the silty clay. On that year, a heavy rainfall period occurred in the week following planting (77 mm in 7 days). This probably induced prolonged waterlogging in the poorly drained silty clay, which could have affected early root development and, thereby, straw and grain yield [START_REF] Wuebker | Flooding and temperature effects on soybean germination[END_REF].

In contrast with corn and wheat, the MT treatment improved soybean yields in both soil types. [START_REF] Defelice | Influence of tillage on corn and soybean yield in the United States and Canada[END_REF] and [START_REF] Defelice | Influence of tillage on corn and soybean yield in the United States and Canada[END_REF]; Ogle et al. (2012) found that no-till resulted in greater soybean yield than moldboard plowing where spring soil conditions do not delay seedling emergence. Under these conditions, reduced tillage can significantly increase soybean N fixation [START_REF] Anikwe | Soil physicochemical quality in contrasting tillage systems and its effect on nodulation and nodulation effectivity of groundnut, Bambara groundnut and soybean in a degraded Ultisol in Agbani, Enugu Southeastern Nigeria[END_REF][START_REF] Wheatley | Influence of tillage treatments on N 2 fixation of soybean[END_REF] by maintaining greater bradyrhizobia populations [START_REF] Ferreira | Tillage method and crop rotation effects on the population sizes and diversity of bradyrhizobia nodulating soybean[END_REF].

Manures can also stimulate soil bacterial activity [START_REF] Francioli | Mineral vs. Organic amendments: microbial community structure, activity and abundance of agriculturally relevant microbes are driven by long-term fertilization strategies[END_REF] and promote soybean nodulation (Ganeshamurthy and Sammi Reddy, 2000) and root growth [START_REF] Hati | Effect of inorganic fertilizer and farmyard manure on soil physical properties, root distribution, and water-use efficiency of soybean in Vertisols of central India[END_REF]. In contrast, mineral fertilizers can promote mineralization of soil organic matter (Khan et al., 2007), resulting in higher soil mineral N concentrations and lower pH, two conditions known to repress soybean nodulation [START_REF] Reid | Molecular mechanisms controlling legume autoregulation of nodulation[END_REF][START_REF] Ferguson | The development and regulation of soybean nodules[END_REF]. We therefore hypothesize that the positive residual effect of organic fertilizers observed in the sandy loam was due to enhanced soybean nodulation, that increased N provision through symbiotic fixation. The residual effect of fertilizer source on soybean yields appeared to be especially important in the coarse-textured sandy loam, possibly because of its lower N supply capacity than the finetextured silty clay (Schipanski et al., 2010). Since manures improved soybean yield, while residue management did not, it suggests that soybean yield was more sensitive to the quality than to the quantity of organic matter returned to soil.

Conclusion

This multi-year field study revealed that crop responses to combinations of agricultural practices varied among species and soil types. Tillage treatments had inconsistent effects on crop yields in the sandy loam, whereas a positive effect of MT built up over time in the silty clay, where water drainage was more problematic. Overall, crop responses to the different fertilizer sources were greater in the sandy loam than in the silty clay soil, likely because of lower N supply capacity of the sandy loam. This lower N supply capacity also explains why a residual effect of manures was found in soybean in the sandy loam soil only. In general, LSM appeared the best organic fertilizer source, likely because of its lower C/N ratio and greater NH4-N concentration than with the other manures. Management of corn and soybean residues did not influence soybean and wheat yields in the next year. In contrast, leaving wheat straw on the soil at harvest reduced corn yield in the next year (i) when it was fertilized with liquid manures in the silty clay only, or (ii) when combined with MT in both soil types.

We put forward that the large amount of wheat straw left on the soil at harvest absorbed part of the nutrients applied with the liquid manures in the following spring and delayed soil warming in the spring under MT. Moreover, a "year" effect revealed that (i) the positive effect of MT built up with time; (ii) corn yield was primarily affected by soil texture on wetter-than-normal years, and by fertilizer source on dryer-than-normal years; (iii) wheat yield was affected by the previous crop species when residues were retained (significantly lower yield with residues in wheat after wheat, but not in wheat after soybean), and (iv) soybean yield was greater in sandy than clayey soils on year with wetter-than-normal spring.

Continued monitoring of this field study, and other long-term studies are required to provide more insights to the net effects of combined agricultural practices on cropping systems productivity, as a function of soil type, especially in systems where different crop species are grown in rotation.

Zuber, S.M., Villamil, M.B., 2016. Meta-analysis approach to assess effect of tillage on microbial biomass and enzyme activities. Soil Biol. Biochem. 97, 176-187.

Tables

*, **, and *** denote significant differences at P < 0.05, 0.01, and 0.001, respectively; ns, not significant (P > 0.05).

Table 1-1. Summary of the analysis on variance (F values) for the effects of year, soil type, fertilizer source, tillage, residue management, and their interactions on crop grain yield, straw/stalk yield, and NUE.
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NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure, PK: mineral control without N.

Within each column, means followed by different letters are significantly different at the P<0.05 confidence level Table 1-2. Effects of year and fertilizer source on corn grain yield (kg ha -1 ), stalk yield (kg MS ha -1 ) and NUE (kg yield ha -1 kg N applied -1 ) combined for both soil types. ). Soil bulk density, soil pH, soil total N, soil water content, and the amount of residues retained in the previous year were measured in the autumn preceding corn planting and included in this analysis. Box plots graphically depict the average yield, major quartiles and variability of the statistical groups defined by the regression tree. 

Introduction

Improving agricultural soil quality is essential to achieve sustainable and resilient food production (Delgado et al., 2011;Lal et al., 2011;[START_REF] Paustian | Climate-smart soils[END_REF]. The soil organic carbon (SOC) content is considered as a key indicator of soil quality and is usually defined as a continuum from undecomposed plant residues to presumably more stable, mineral-associated organic matter (Paul, 2014). Recent theoretical models propose that soil microbes control the flux of organic matter through this continuum (Cotrufo et al., 2013) that can be arbitrarily divided into different conceptual fractions with relevance associated to specific soil functions and/or stabilization mechanisms (Von Lützow et al., 2007). Particle size fractionation is seen as one of the best ways to predict SOC dynamics (Lavallee et al. 2019). In its simplest form, particle size fractionation divides SOC into particulate (POM-C; >53 μm) and fine organic matter (FOM-C; <53 μm). The POM-C fraction is considered as a labile fraction accounting for 6 to 37% of total SOC in agricultural soils (Gregorich et al., 2006), and is mainly composed of fresh and decomposing plant residues, either unprotected or incorporated within large soil aggregates (Gregorich et al., 2006). The progressive fragmentation of POM-C and its conversion to soil microbial by-products eventually leads to the formation of finer and more stable SOC (Lehmann and Kleber, 2015) through intimate associations with mineral particles (Knicker, 2011;Dungait et al., 2012). The resulting complexes mainly comprise a fine, mineral-associated organic matter (FOM-C) composed of microbial by-products which, presumably, represents the core of stable SOC (Kallenbach et al. 2016).

Consistent with this theory, some authors identified microbial necromass as a relevant indicator of stable SOC formation (Kallenbach et al., 2015). In fact, microbial amino sugars such as muramic acid and glucosamine are microbial cell wall components that can persist in soil after microbial death and, therefore, reflect both current and historical soil microbial activity [START_REF] Glaser | Amino sugars and muramic acid-biomarkers for soil microbial community structure analysis[END_REF]. Moreover, nitrogen (N)-rich organic compounds have a strong affinity with clay particles and play a major role in bridging mineral surfaces with SOC, thereby promoting long-term SOC stabilization (Knicker, 2011). While some authors consider microbial necromass as a dynamic SOC fraction, due to permanent recycling of microbial components [START_REF] Amelung | Nitrogen biomarkers and their fate in soil[END_REF][START_REF] Blagodatskaya | Active microorganisms in soil: critical review of estimation criteria and approaches[END_REF], others proposed that it could be a significant source of stable SOC [START_REF] Derrien | Microbial biosyntheses of individual neutral sugars among sets of substrates and soils[END_REF]Miltner et al., 2012;Ludwig et al., 2015). If true, microbial necromass could reflect both short and long-term effects of environmental and/or management practices on SOC formation and stabilization.

These new theoretical models therefore place microbial processing of plant residues and the stabilization of microbial by-products within fine organo-mineral complexes as a central mechanisms of SOC stabilization (Cotrufo et al., 2013). However, the ultimate fate of microbe-derived SOC depends on its potential to interact with the soil matrix which varies with soil texture [START_REF] Six | Bacterial and fungal contributions to carbon sequestration in agroecosystems[END_REF]Cotrufo et al., 2013). While the accumulation of POM-C theoretically has no saturation limit, FOM-C formation and persistence is determined by mineral associations and therefore may be subject to saturation (Hassink, 1997;Six et al., 2002a). The concept of saturation suggests that the quantity of stable SOC is limited and determined by the amount of fine silt and clay particles (Hassink and Whitmore, 1997). This makes clay-rich soils particularly prone to promote long-term SOC stabilization in the FOM-C fraction, whereas POM-C accumulation can occur independently of the soil texture and/or its saturation status (Lavallee et al. 2019).

In arable systems, animal manure and crop residues can be applied to soil to maintain or increase SOC content (Turmel et al., 2015;Warren Raffa et al., 2015). However, the composition of the organic amendments and soil texture can affect SOC formation processes [START_REF] Abiven | A model to predict soil aggregate stability dynamics following organic residue incorporation under field conditions[END_REF][START_REF] Peltre | RothC simulation of carbon accumulation in soil after repeated application of widely different organic amendments[END_REF]Cyle et al., 2016). For instance, labile and N-rich organic compounds can increase microbial use efficiency and result in a more efficient conversion of the organic amendment into stable SOC (Cotrufo et al., 2013). Animal manures, that generally contain a considerable amount of simple, soluble and N-rich organic compounds [START_REF] Peltre | RothC simulation of carbon accumulation in soil after repeated application of widely different organic amendments[END_REF]) could therefore foster the formation of fine and stable organomineral complexes, especially in fine textured soils, which provide greater opportunity for organo-mineral interactions (Cotrufo et al., 2013). On the other hand, crop residues containing a high proportion of C-rich, complex structural components, such as lignin, would have higher energy cost associated with their breakdown, resulting in a lower microbial use efficiency [START_REF] Bahri | Lignin degradation during a laboratory incubation followed by (13)C isotope analysis[END_REF][START_REF] Lekkerkerk | Decomposition of heterogeneous substrates: an experimental investigation of a hypothesis on substrate and microbial properties[END_REF] and, thus, in a reduced flow of C from plant litter to fine and stable SOC.

There can also be interactive effects between organic inputs and other management practices.

Soil tillage can indeed drastically affect SOC dynamics by modifying its vertical distribution through the profile (Angers and Eriksen-Hamel, 2008) and by enhancing the contact of organic residues with the soil mineral matrix (Balesdent et al., 2000). Inversion tillage also typically increases surface soil temperature and aeration status (Johnson and Lowery, 1985b), which may accelerate the mineralization of SOC and result in macroaggregate disruption [START_REF] Balesdent | Effect of tillage on soil organic carbon mineralization estimated from 13C abundance in maize fields[END_REF]Balesdent et al., 2000). By contrast, reduced tillage can exacerbate the positive effect of organic amendments on surface soil quality (Bissonnette et al., 2001;Viaud et al., 2011). Some authors also demonstrated different interactions between residue management and fertilizer sources. For instance, Shahbaz et al. (2017) found that residue restitution to soil could offset the mineralization of native SOC that occurs with mineral fertilization, whereas Chantigny et al. (2001) found a synergistic interaction on soil microbial activity when pig slurry was added to wheat straw. All management practices therefore influence surface soil quality through complex interrelationships, which may vary depending on soil properties and environmental conditions [START_REF] Bronick | Soil structure and management: a review[END_REF].

The first objective of this study was to investigate the effect of different combinations of management practices on surface SOC dynamics through quantification of POM-C, FOM-C and various soil quality indicators of two arable soils with contrasting texture. The second objective was to determine whether the recent theoretical models of SOC formation and stabilization (e.g., Cotrufo et al. 2013), that were initially developed for natural systems, could apply to arable soils and help explain the dynamics of SOC under various management practices.

Material and method

Experimental Site and Treatments

The experimental site is located at the Université Laval Agronomic Research Station in St-Augustin-de-Desmaures, near Quebec City, Canada (46°44´ N, 71°31´ W). Plots were cropped to spring wheat in 2009 and 2010, and to a corn-soybean-wheat rotation (one crop per year) from 2011 to 2015. Experimental sites and treatments were previously described in Samson et al. (2019). Briefly, the experimental site was comprised of two field sites, a poorly drained silty clay soil (432 g kg -1 clay, 405 g kg -1 silt, 163 g kg -1 sand, 35 g kg -1 C, and 2.7 g kg -1 N) and a moderately to well-drained sandy loam soil (170 g kg -1 clay, 150 g kg -1 silt, 680 g kg -1 sand, 19 g kg -1 C, and 1.5 g kg -1 N) located 0.9 km apart. These soils are classified as a mixed, frigid Dystric Eutrudept and a mixed, frigid Typic Dystrudept, respectively (SSS, 1994). In autumn 2008, a factorial experiment was arranged as a randomized complete block design with split-split-plot restriction and three replications on each soil type. Tillage treatments were assigned to main plots and consisted of either inversion tillage (0.2 m) in the fall with shallow harrowing (0.025 to 0.05 m) in the spring after fertilization, or minimum tillage (shallow harrowing in the spring after fertilization).

Fertilizer treatments were ascribed to subplots and comprised a no-N control (mineral P and K [PK]), a complete mineral fertilizer (NPK), liquid swine manure, liquid dairy manure and solid poultry manure. All fertilizer sources were surface broadcast before planting in the spring, and all plots were harrowed within three hours following applications to minimize N loss through ammonia volatilization. Residue management treatments (residues harvested, and residues retained) were randomly ascribed to sub-subplots. Fertilizer treatments were based on local crop N requirements, and N rates were based on local recommendations (CRAAQ, 2003): 90 kg N ha -1 for wheat, 120 kg N ha -1 for corn, 0 kg N ha -1 for soybean. For the PK and NPK treatments, P and K were provided based on crop requirements and no supplementary P or K was applied with the manure treatments. Fertilizer treatments were not applied to soybean as it relies on symbiotic N fixation and because both sites contained enough phosphorus and potassium to meet soybean needs.

Sampling and Analyses

Manures

The origin, sampling and characteristics of manures were described in detail in Samson et al. (2019). Briefly, raw liquid dairy manure was collected after about six months of storage in an earthen concrete tank on a commercial dairy operation. Liquid swine manure came from a commercial farrow-to-finish swine operation and was usually collected in the holding tank below the slatted floor. Both liquid manures were thoroughly agitated in the tank before being collected. Fresh solid poultry manure was obtained from a commercial broiler operation and included bedding material composed of wood shavings. Prior to use, large clods were crumbled and mixed by hand. On the day of application, each manure type was mixed prior to application and small subsamples were repeatedly collected during application to create a 2-L composite sample for each manure type. Composite samples were mixed in the laboratory before analysis; all analyses were made in triplicates. Total N was determined by Kjeldahl acid digestion on fresh subsamples, whereas total C concentration was measured by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA) on lyophilized subsamples.

Soils

Each year from 2010 to 2015, surface (0-10 cm) soil was sampled with a spade (5 cm 2 ) between harvest and soil tillage. A composite sample was obtained in each plot (35 m 2 ) by pooling three soil samples. The samples were gently passed through a 6-mm sieve. A fieldmoist subsample was kept at 4ºC until analyzed, whereas the rest of the sample was air-dried at room temperature. The mean weight diameter of water stable aggregates (MWD) was determined on the field-moist sieved soil as per Angers et al. (2008). The MBC was determined on field-moist soil by the chloroform fumigation-extraction technique [START_REF] Voroney | Soil microbial biomass C, N, P and S. In 'Soil sampling and methods of analysis[END_REF]. After extraction (K2SO4, 0.25M) of the fumigated and unfumigated subsamples, C concentrations were determined and converted to MBC using 0.45 as correction factor.

Total SOC concentration was measured by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA) on air-dried, finely ground (~ 5 µm; Mixer Mill MM 400, Retsch, Éragny, France) soil subsamples.

In 2015, the POM-C and FOM-C were measured on air-dried subsamples sieved at 6 mm as per [START_REF] Carter | Characterizing organic matter retention for surface soils in eastern Canada using density and particle size fractions[END_REF]. Briefly, the soil was mixed with distilled water and glass beads.

Samples were agitated on a reciprocal shaker for 12 h and wet-sieved (53 μm) with distilled water. The fractions recovered on the sieve (POM; >53 µm) and with the rinsing water (FOM;

< 53 µm) were dried at 50°C and weighed. The FOM-C content was determined as described earlier for the whole soil, and the POM-C content was obtained by difference between whole soil and FOM-C. Determination of POM-C with this approach has been shown to be consistently more precise than the direct analysis for C in the POM fraction retained on the sieve (Cambardella and Eliott, 1992) and has often been used (e.g. Bolinder et al. 1999;[START_REF] Martins | Co-accumulation of microbial residues and particulate organic matter in the surface layer of a no-till Oxisol under different crops[END_REF].

Soil carbohydrates were also determined on air-dried, finely ground (~5 μm) soil subsamples.

The methods for carbohydrate extraction are described in detail by [START_REF] Chantigny | Carbohydrates. Soil sampling and methods of analysis[END_REF]. Neutral sugars were extracted by acid hydrolysis using a H2SO4 solution. Briefly, 2 g of air-dried and finely ground soil were moistened with 8 mL of 12 M H2SO4 in polyethylene centrifuge tubes, gently mixed with a glass rod, and left on the bench for 2 h.

Deionized water was then added to dilute the slurry mixture to 0.5 M H2SO4 and the tubes were capped and incubated for 24 h in an oven set at 85°C. After cooling, the extracts were centrifuged, decanted in a glass beaker, and neutralized (pH 6.5-7) with 0.5 M NaOH, filtered (Whatman #42), and sequentially passed through anion-and cation-exchange resins. The purified extracts were analyzed for plant-derived (arabinose and xylose; AX) and microbederived (galactose and mannose; GM) carbohydrate concentrations using high-performance anion exchange chromatography with pulsed amperometry detection. Total (living cells and necromass) fungal and bacterial cell-wall masses were estimated by quantifying glucosamine (GluN) and muramic acid (MurA) concentrations, respectively. Briefly, another 1 g subsample of the air-dried and finely ground soil (~5 μm) was mixed with 20 mL of 6 M HCl in glass tubes. The mixture was bubbled with N2 gas for one minute before the tubes were capped and incubated at 105°C for 6 h. The extracts were cooled on ice, decanted to a plastic vial, and stored at -18ºC until analyzed by high-performance liquid chromatography.

Statistical Analysis

Univariate statistical analyses were performed with the mixed procedure of the Statistical Analysis System (SAS Institute, 1999). respectively. The supplementary variables were projected on the PCA but did not contribute to its construction. This analysis was performed with the R software package FactoMineR [START_REF] Lê | FactoMineR: an R package for multivariate analysis[END_REF].

Results

SOC, stable aggregation and microbial biomass (2010-2015)

Surface SOC content was greater under minimum than inversion tillage in the sandy loam, whereas a similar but not significant trend was found in the silty clay (Table 2 -1). The MWD and MBC were also greater under minimum than inversion tillage in both soils. Overall, SOC, MWD, and MBC were also greater when residues were retained in both soil types (Table 2 -1). A significant interaction between soil tillage and crop residue management was observed for MWD and MBC in the silty clay and for MWD in the sandy loam. This interaction indicated that, overall, values of soil quality indicators were improved when residues were retained under minimum tillage, whereas the effect of residue management was not observed or was much smaller under inversion tillage (Figure 2 -1).

Surface SOC content was similar among all fertilizer sources in the sandy loam. Conversely, in the silty clay, SOC content was significantly higher with poultry manure and liquid dairy manure than with the PK treatment ( 

Relationships between soil quality indicators, SOC fractions, and management practices

The PCA performed on data collected in 2015 indicated that the first principal component (Dim 1) accounted for more than 60% of total variation in both soils (Figure 2 -3 a,c). The Dim 1 was highly correlated to SOC content in both soils (R 2 =0.90% and 0.87% in the sandy loam and the silty clay, respectively) (Table 2 -2 

Discussion

Effects of soil management practices and their interactions on soil quality indicators

The surface SOC content and most soil quality indicators were improved by minimum tillage and crop residue retention in both soils. It is recognized that reducing tillage can considerably increase soil aggregation and stabilization by reducing SOC turnover rate and favoring the production of aggregate binding agents such as fine roots and fungal hyphae (Tisdall and Oades, 1982;[START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF]. In the present study, the minimum tillage system consisted of surface harrowing which favored the accumulation of SOC in the topsoil layer, whereas inversion tillage led to a dilution of SOC in the plough layer (Angers and Eriksen-Hamel, 2008;Gregorich et al., 2009). This most likely explains why the positive effect of residue retention on surface soil quality indicators was generally greater under minimum than inversion tillage. The concomitant increase in POM-C, AX and MWD under minimum tillage in both soil types where residues were retained suggests that residue retention favored the accumulation of plant-derived materials (more POM-C and AX) at or near the soil surface [START_REF] Angers | Tillage-induced differences in organic matter of particle-size fractions and microbial biomass[END_REF], which promoted the formation of stable macroaggregates (greater MWD). In fact, the POM-C fraction is known to be particularly responsive to tillage practices [START_REF] Angers | Tillage-induced differences in organic matter of particle-size fractions and microbial biomass[END_REF][START_REF] Chan | Soil carbon fractions and relationship to soil quality under different tillage and stubble management[END_REF] since reduced tillage helps stabilize POM-C within macroaggregates (Six et al., 2002b), and protects it from decomposition [START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF]Balesdent et al., 2000). Our results also showed that the improvement in MWD under minimum tillage, as compared to inversion tillage, was more pronounced in the coarsetextured sandy loam than in the fine-textured silty clay, corroborating results of [START_REF] Franzluebbers | Water-stable aggregation and organic matter in four soils under conventional and zero tillage[END_REF]. This can be attributed to the fact that roots and fungal hyphae are the primary binding agents of aggregates in coarse-textured soils [START_REF] Oades | The role of biology in the formation, stabilization and degradation of soil structure[END_REF], which may be particularly sensitive to tillage, whereas the greater abundance of clay particles in finer textured soils furthers aggregate stability and reduces their responsiveness to tillage practices [START_REF] Franzluebbers | Water-stable aggregation and organic matter in four soils under conventional and zero tillage[END_REF].

Compared to a balanced mineral fertilization, manure application can increase soil microbial biomass and activity [START_REF] Peacock | Soil microbial community responses to dairy manure or ammonium nitrate applications[END_REF][START_REF] Chu | Soil microbial biomass, dehydrogenase activity, bacterial community structure in response to long-term fertilizer management[END_REF], water-stable aggregation, (Bissonnette et al., 2001;[START_REF] Czachor | Impact of long-term mineral and organic fertilizer application on the water stability, wettability and porosity of aggregates obtained from two loamy soils[END_REF], and SOC content (Maillard and Angers, 2014). However, the expected increase in specific soil quality indicators may vary with substrate quality [START_REF] Abiven | Dynamics of aggregate stability and biological binding agents during decomposition of organic materials[END_REF]Obriot et al., 2016). In our study, responses of soil quality indicators to the different livestock manures also varied with soil texture. All manure types increased MWD and MBC as compared to the control (PK) treatment in both soil types, but increased surface SOC in the silty clay only. The differences were however generally less with liquid swine manure than with poultry manure and liquid dairy manure, especially for MWD in the sandy loam and for SOC in the silty clay soil. This is likely because the amount of C applied with liquid swine manure was about half the amounts applied with the other manures (Table 2 -4 (S2)). Liquid swine manure also typically contains a greater amount of water-soluble organic compounds (Morvan et al., 2009) which could have led to the leaching of organic compounds below the sampling layer.

The complete mineral fertilization treatment (NPK) did not improve any soil quality indicator as compared to the PK treatment. We hypothesize that despite a greater C input to soil with crop residues in the NPK treatment, as compared to the PK treatment (Samson et al., 2019), the absence of a concomitant increase in MBC with the mineral fertilization restricted the conversion of particulate plant materials to microbial compounds. This, in turn, most likely limited interactions with the mineral matrix, thereby reducing macroaggregate formation (smaller MWD values) and POM-C stabilization. It illustrates that even if MBC generally accounts for no more than 5% of total SOC [START_REF] Blagodatskaya | Active microorganisms in soil: critical review of estimation criteria and approaches[END_REF], changes in this fraction can ultimately considerably affect SOC dynamics and stabilization.

Field-based evidence in support of recent SOM formation models

The PCA revealed that, in both soil types, the selected soil quality indicators were closely related to SOC. However, a relationship was found in both soil types among POM-C, MWD,

and AX on the one hand, and among FOM-C, MurA and GluN on the other hand. These findings support the idea that in both coarse and fine-textured soils, POM-C is mostly composed of fresh and decomposing plant tissues (AX) occluded within macro-aggregates (Oades, 1984;[START_REF] Puget | Nature of carbohydrates associated with water-stable aggregates of two cultivated soils[END_REF], whereas FOM-C is mainly composed of microbial byproducts (Kleber et al., 2011;Cotrufo et al., 2013). These results provide field-based evidence in support to the conceptual model proposed by Cotrufo et al. (2013), and further developed by Robertson et al. (2019), where decomposing plant residues are found in uncomplexed SOM and coarse organo-mineral complexes (e.g. macro-aggregates) and are progressively metabolized and converted to microbial by-products accumulating in finer and, presumably, more stable organo-mineral complexes. Our results allow to extend their model to arable soils and indicate that microbial-derived amino sugars (MurA and GluN) could be a potent indicator of stable SOC formation, as previously proposed by Miltner et al. (2012).

General overview: management effects on SOC fractions and their precursors

Combined results from the ANOVA and the PCA indicated that minimum tillage and residue retention have a positive effect on surface SOC content, irrespective of soil texture (Figure 2 -4). The greater surface SOC content under those management practices was mainly attributable to the accumulation of C-rich plant debris (POM-C), which was paralleled by increases in soil macro-aggregation (MWD) and plant-derived carbohydrate content (AX).

POM-C is a relatively small fraction of total SOC (12 to 18%) but is considered to be very labile (Gregorich et al. 2006). It is therefore particularly sensitive to management practices and changes in this fraction can rapidly result in significant changes in total surface SOC content. Overall, minimum tillage and retention of crop residues had a much smaller, but significant effect on FOM-C (82 to 86% of total SOC), indicating that, after only 7 years of cropping history, a portion of accumulated SOC was already present in relatively stable forms.

Conversely to tillage and residue management, the fertilizer source influenced SOC content in the silty clay soil only. Despite a much lower C input to soil with manures as compared to residue retention, the effect of poultry and liquid dairy manures on SOC content as compared to the PK treatment was similar to that of residue retention as compared to residue harvest.

However, the SOC increase found after 7 years with poultry manure and liquid dairy manure was not paralleled by an increase in POM-C or FOM-C, but was reflected in a significant increase in MBC (both soils) and in muramic acid (silty clay), a potential FOM precursor [START_REF] Glaser | Amino sugars and muramic acid-biomarkers for soil microbial community structure analysis[END_REF]) . We suggest the enrichment in MBC and muramic acid, especially with poultry manure and liquid dairy manure, could ultimately lead to an increase in FOM-C in the longer term, especially in the silty clay soil (Figure 234). Supporting this hypothesis, Gillespie et al. (2014) found that in a fine-textured soil, manures resulted in a greater enrichment of proteinaceous compounds in the FOM-C fraction as compared to mineral fertilization. In fact, N-rich organic molecules, such as amino compounds, are believed to play a significant role in bridging mineral surfaces with SOC (Knicker, 2011;Kopittke et al. 2018) and therefore likely to be an important contributor to SOC stabilization through FOM-C formation. The fact that some manures increased muramic acid within 7 years in the clayey soil suggests that the conversion of C inputs with manures to stable SOC is fostered in soils where clay particles are present in sufficient quantity to allow for the formation of FOM complexes.

Conclusion

Our results showed that after 7 years of cropping history, minimum tillage and residue retention were efficient ways to improve surface SOC content, mainly through POM-C accumulation irrespective of soil texture. Solid poultry manure and liquid dairy manure, on the other hand, had a pronounced effect on microbial biomass and muramic acid content, and resulted in considerably higher surface SOC content when compared to the control, but in the fine textured silty clay soil only. Moreover, a PCA demonstrated that irrespective of soil texture, POM-C was closely related to plant-derived carbohydrates and stable aggregation, whereas FOM-C was closely related to microbial amino sugars (muramic acid and glucosamine). These findings provide field-based evidence that recent SOM formation and stabilization models (Cotrufo et al., 2013;Robertson et al., 2019) developed for natural ecosystems can apply to the more perturbed arable soils and for different soil textures, and that microbial components such as cell walls may be involved in the formation of fine and stable SOC. Our results support the need to include these emergent concepts of SOC stabilization processes in biogeochemical models to predict long-term changes in SOC under different management practices in agricultural soils. 

Introduction

Understanding soil organic matter (SOM) cycling processes is essential to implement global strategies that maintain or enhance the multiple ecosystem services provided by soils, including climate change mitigation through carbon (C) sequestration [START_REF] Palutikof | group II to the fourth assessment report of the intergovernmental panel on climate change[END_REF]. To adequately understand and model the effects of management practices on the processes that govern SOM formation and persistence, SOM may be divided into distinct functional pools with specific relevance with regards to stabilization mechanisms and turnover time (Von Lützow et al., 2007). Isolating homogenous and functionally relevant SOM fractions remains a challenge, however, since SOM is comprised of a highly heterogeneous continuum of organic compounds of diverse origin (Von Lützow et al., 2007;Paul, 2014).

Physical fractionation has been used for many years to divide soil organic matter into particulate and mineral associated organic matter (e.g. Cambardella and Elliott, 1992;Six et al. 2002;Wander, 2004;Gregorich, 2006). The particulate organic matter fraction (POM; >53µm) is considered as a labile and responsive fraction that may offer early insights to the long-term impacts of environmental conditions and management practices on SOM (Cambardella and Elliott, 1992;Gregorich et al., 2006;Gosling et al., 2013). However, the POM fraction has a relatively heterogeneous composition (Gregorich et al., 2006), and its reliability as a functionally relevant fraction has been debated for a long time (e.g., Wander, 2004;Curtin et al. 2019). Over the years, many alternative physical fractionation methods have been proposed to increase the homogeneity and relevance of measurable SOM fractions, but often with equivocal results (Magid et al. 1996;Wander, 2004;Von Lützow et al., 2007;Diochon et al. 2016). Some recent theoretical models, however, emphasized that further separating POM using density fractionation could increase the homogeneity and functional relevance of the resulting fractions (Lavallee et al., 2019;Robertson et al., 2019).

In fact, the POM is composed of both light and heavy materials, two fractions with distinct biochemical properties and behavior (Li et al., 2013;[START_REF] Soong | Soil microarthropods support ecosystem productivity and soil C accrual: evidence from a litter decomposition study in the tallgrass prairie[END_REF]. The light fraction (LF; >53 μm and < 1.6-1.85 g cm -3 ), sometimes referred to as light-POM, is particularly rich in plant carbohydrates and aliphatic compounds and is therefore considered to be closely related to fresh plant materials [START_REF] Gregorich | Transformation of plant residues into soil organic matter: chemical characterization of plant tissue, isolated soil fractions, and whole soils[END_REF]Gregorich et al., 2006). As these plant materials are decomposed, the resulting SOM becomes enriched in microbial by-products [START_REF] Christensen | Physical fractionation of soil and organic matter in primary particle size and density separates[END_REF]Li et al., 2013) and more closely associated to mineral particles. This results in a heavy-POM fraction comprised of partly decomposed plant materials coated by fine mineral particles (Maillard et al., 2015), which could be referred to as coarse mineralassociated organic matter (coarse-MAOM; >53 μm and > 1.6-1.85 g cm -3 ). By contrast, the fine-MAOM (< 53 μm and > 1.6-1.85 g cm -3 ) fraction is mostly comprised of microscopic organic molecules of plant and/or microbial origin closely associated to silt and clay minerals (Ludwig et al., 2015). These mineral associations, together with the physical protection of MAOM within aggregates, are thought to increase the resistance of MAOM to degradation and its persistence (Kögel-Knabner et al., 2008;Schweizer et al., 2019). The fine-MAOM fraction is therefore considered as a relatively stable SOM fraction (Christensen, 2001;Wander, 2004;Poeplau et al., 2018).

Some models suggest that the distribution of fresh plant materials within different SOM fractions happens via two distinct pathways (Cotrufo et al., 2015, Robertson et al., 2019).

The biochemical pathway would occur early after plant litter addition to soil when watersoluble, non-structural plant compounds are leached and/or efficiently incorporated into the microbial biomass, resulting in the formation of stable fine-MAOM (Haddix et al., 2016). As described by Cotrufo et al. (2015), the physical pathway happens when coarse plant fragments are gradually incorporated into the soil matrix, thereby entering the soil as LF.

However, the physical pathway also involves a biochemical phase, since the incorporation of LF within the soil matrix leads to its gradual conversion to microbially enriched SOM and, eventually, leads to its coating with surrounding mineral particles. This process results in the formation of coarse-MAOM (sometimes referred to as heavy-POM). According to the model of SOM formation and persistence recently proposed by Robertson et al. (2019), the coarse-MAOM could also be a precursor of more stable fine-MAOM complexes.

In arable soils, a wide range of organic amendments can be returned to soil and differently affect SOM formation processes [START_REF] Mitchell | The influence of above-ground residue input and incorporation on GHG fluxes and stable SOM formation in a sandy soil[END_REF]Obriot et al., 2016). Given the linear relationship between the lignin:N ratio and litter decay rate found by [START_REF] Melillo | Nitrogen and lignin control of hardwood leaf litter decomposition dynamics[END_REF], this ratio has been used as an indicator of organic matter quality in SOM models [START_REF] Parton | A general model for soil organic matter dynamics: sensitivity to litter chemistry, texture and management[END_REF]. Although little studied in the literature, the coarse-MAOM has recently proven to be particularly responsive to organic amendments inputs (Maillard et al. 2015;Lambie et al. 2019). Little is known, however, about the response of coarse-MAOM as a function of the quality of organic matter returned to the soil. By contrast, accumulation of C and N in the fine-MAOM fraction is known to be closely related to the biochemistry of the input. As compared to more chemically recalcitrant compounds, labile organic matter with a low lignin:N ratio is used more efficiently by soil microbes, which is thought to favor the formation of fine-MAOM (Cotrufo et al., 2013;[START_REF] St | Labile organic nitrogen transformations in clay and sandy-loam soils amended with 15N-labelled faba bean and wheat residues[END_REF]Cyle et al., 2016). Since nitrogen-rich microbial by-products are increasingly assumed to play a central role in the formation of fine-MAOM complexes (Knicker, 2011;Bingham and Cotrufo, 2016), fertilization of arable soils could stimulate microbial activity and therefore favor the formation of fine and stable MAOM. In fact, Gillespie et al. (2014) found that any increase in soil N availability fostered the transformation of plant material into microbial by-products, which favored SOM accumulation within the fine-MAOM. However, it is unclear whether the accumulation of SOM in the coarse-and fine-MAOM fractions operates similarly depending on the source of N (e.g., mineral vs. organic). Moreover, the stabilization of these organic compounds within the fine and more stable MAOM complexes may be ultimately regulated by the texture and the mineralogy of the soil matrix (Sorensen, 1981;[START_REF] Parton | A general model for soil organic matter dynamics: sensitivity to litter chemistry, texture and management[END_REF]Cotrufo et al., 2013;Haddix et al., 2020;Poirier et al., 2020). While the accumulation of organic matter within coarse SOM fractions theoretically has no saturation limit, the formation of fine-MAOM is dependent on soil silt and clay content and may, therefore, be subject to saturation, especially in low-clay soils (Hassink, 1997;Six et al., 2002;Stewart et al., 2008).

The fact that the biochemistry of organic inputs, the environmental factors and the soil mineral composition have determinant effects on SOM processes makes it hard to draw general conclusions based on field experiments. Our first objective was to clarify the influence of input biochemistry and soil texture on SOM formation by comparing the distribution of C and N among LF, coarse-MAOM and fine-MAOM fractions, as influenced by the fertilizer source (organic vs mineral) and crop residue management (exported vs returned to soil), in two soils with contrasted texture and submitted to the same management and meteorological conditions for 9 y. Our second objective was to validate if the coarse-MAOM fraction could be considered as a functionally relevant fraction in SOM formation and stabilization processes, as suggested by the model proposed by Robertson et al. (2019).

We hypothesized that the coarse-MAOM fraction would be particularly responsive to organic amendments, and organic inputs with a low lignin:N ratio would foster C and N accumulation within the mineral-associated fractions.

Material and method

Experimental Site and Treatments

The experimental site is located in the province of Québec, in eastern Canada (46°44´ N, 71°31´ W). The experimental setup consists of two field sites located 0.9 km apart; a silty clay soil (432 g kg -1 clay, 163 g kg -1 sand, 35 g kg -1 C, and 2.7 g kg -1 N) and a sandy loam soil (170 g kg -1 clay, 680 g kg -1 sand, 19 g kg -1 C, and 1.5 g kg -1 N). The silty clay soil is classified as a Mixed Frigid Dystric Eutrudept, and the sandy loam soil is classified as a Mixed Frigid Typic Dystrudept (Soil Survey Staff, 1994). In 2009 and 2010, the soils were cropped to spring wheat, and to a corn-soybean-wheat rotation from 2011 to 2017. A factorial experiment was arranged as a randomized complete block design with split-plot restriction and three replications on each soil type. Fertilizer treatments were ascribed to main plots and comprised a no-N control (mineral P and K), a complete mineral fertilizer (NPK), liquid swine manure, liquid dairy manure and solid poultry manure. Crop residue management was randomly ascribed to sub-plots and consisted of residues exported with harvest or returned to the soil surface.

All fertilizer treatments were surface broadcast in the spring before planting, and the soil was harrowed (one pass, 0.025 to 0.05 m depth) within three hours to minimize ammonia-N volatilization. There was no other tillage operation during the year. Fertilizer treatment rates were based on local crop N requirements and local recommendations (CRAAQ, 2003): 90 kg N ha -1 for wheat, 120 kg N ha -1 for corn, 0 kg N ha -1 for soybean. Mineral N was applied as calcium ammonium nitrate. The application rates for the manures were calculated considering that 80% of manure total N is available to crop (CRAAQ, 2003). In 2013, the N availability was adjusted to 70% for liquid dairy manure (CRAAQ, 2010). For the PK and NPK treatments, P and K were provided based on crop requirements (CRAAQ, 2003), and no supplementary P or K was applied with the manure treatments. Fertilizer treatments were not applied on soybean years because both soils contained enough P and K to meet soybean needs.

Samplings and Analyses Organic amendments

Raw liquid dairy manure was collected after about six months of storage in an earthen concrete tank on a commercial dairy operation. The liquid swine manure came from a commercial farrow-to-finish swine operation and was collected in the holding tank below the slatted floor. Fresh poultry manure was obtained from a commercial broiler operation and included wood shavings as bedding. On each application date, a composite subsample of each manure type was collected and analyzed. Total N was determined by Kjeldahl acid digestion, and the manure NH4-N content was determined by shaking 5 g of fresh manure with 125 mL of 1 M KCl for 60 min. The extract was filtered through prewashed (1 M KCl)

Whatman #42 filter paper, and the NH4 concentration was measured using an automated continuous-flow colorimeter (QuickChem 8000 FIA+; Lachat Instruments, Loveland, CO).

A subsample (200-250 mL) of each manure was lyophilized as described by Samson et al. (2019). Total C was measured by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA) on the lyophilized material. A subsample of the lyophilized material was submitted to the Van Soest detergent fiber analysis [START_REF] Goering | Forage fiber analyses (apparatus, reagents, procedures, and some applications[END_REF]. The soluble fraction was first determined using hot water extraction (100 °C) for 1 h followed by extraction with a neutral detergent (100 °C) for 60 min [START_REF] Linères | Caractérisation de la stabilité biologique des apports organiques par l'analyse biochimique[END_REF]. The hemicellulose, cellulose and lignin concentrations were subsequently determined on another subsample using proximate analysis, and expressed on a dry matter basis. Those biochemical analyses were not made on the crop residues, and values from Recous et al. (2015) were used since they provided values for the three crops of interest under comparable pedoclimatic conditions.

Soils

In autumn 2017, surface (0-5 cm) soil was sampled with a spade after corn harvest. As sampled plots were all under minimum tillage (top 5 cm, see above), the sampled layer included the zone where crop residues and fertilizers/manures were incorporated. A composite sample (three sampling points per plot) was taken, sieved in the field at 6 mm, and air-dried at room temperature in the laboratory. Soil samples were then fractionated with a method adapted from Maillard et al. (2015) that combines density and particle size fractionation (Figure 3 -1). Briefly, air-dried soil (25 g) was placed in a 250-mL polyethylene centrifuge bottle with 100 mL of NaI (1.7 g cm -3 ) solution. The bottle was then placed in a bath with crushed ice, and soil aggregates were dispersed using an ultrasonic generator (Model Q500, QSONICA, Newton, Connecticut, USA) fitted with a 6-mm diameter probe with a dispersion energy of 750 J g -1 dry soil over 4 min, corresponding to a total of 18750 J. The soil suspension was then centrifuged for 45 min at 4100 × g. The LF floating on the NaI supernatant was collected by siphoning and filtration on a 0.45 µm nylon membrane (Nylaflo, Pall Corporation, Ann Arbor, NI, USA) using a vacuum (-0.81 bar) filtration unit with fritted glass. The material remaining on the filter was then washed with about 400 mL of distilled water to eliminate residual NaI. The LF was then gently removed from the filter membrane with a razor blade, transferred to a pre-weighed petri dish using distilled water, dried at 55 °C for 24 h, and weighed.

The soil remaining at the bottom of the centrifuge bottle was re-suspended by adding 150 mL of distilled water, vigorous hand shaking, centrifuging for 10 min at 15 000 × g, and siphoning the supernatant above the soil residue. This procedure was repeated twice to remove as much residual NaI as possible. After the three successive washings, 100 mL of distilled water and 10-12 glass beads were added to the soil residue and shaken on a horizontal shaker at 120 strokes per minute for 30 min. Soil suspension was passed through a 53-μm sieve and rinsed with distilled water to separate the coarse-MAOM from finer fractions. All fractions were transferred into pre-weighed 600-mL beakers, dried at 55°C and weighed. Subsamples of the dried MAOM fractions were ground with a ball mill in preparation for C and N analyses, whereas LF samples were analyzed for C and N without additional preparation since all the collected material was used for the analysis. Total C and N concentrations were determined with a CNS analyzer (Model TRUSPEC, LECO Corp., Saint-Joseph, MI, USA). The C concentration of each SOM fraction was expressed on a whole soil basis (g C kg -1 soil) by multiplying the C concentration of a fraction (g C kg -1 fraction) by the mass of material recovered with that fraction, and dividing by the mass of the original soil sample. On average, 96.4% of the initial soil mass, 93.1% of initial soil OC, and 95.0% of initial soil N were recovered using this fractionation procedure.

Statistical Analysis

Statistical analysis was performed with the mixed procedure of the Statistical Analysis System (SAS Institute, 2016). A factorial ANOVA model was used to consider the main effects and interaction of the fertilizer source and crop residue management. Blocks were considered a random factor, while fertilizer source and residue management were considered fixed effects. Homogeneity of variance was verified through the analysis of residuals. The differences were considered significant at p 0.05 and treatment means were separated by the protected least significant difference (LSD) with a Tukey adjustment, calculated at p=0.05.

Results

Characterization of manures and crop residues

On average, crop residues contained less soluble compounds, more cellulose and similar proportions of hemicellulose and lignin, when compared to the different manures (Table 3 -1). However, the lignin:N ratio of crop residues was much wider than those of manures.

Among manures, solid poultry manure contained a much higher proportion of cellulose and a smaller proportion of soluble compounds than the other manures. This difference was likely caused by the presence of wood shavings in the poultry manure. Solid poultry and liquid dairy manures contained similar proportions of lignin and similar lignin:N ratios, while those of liquid swine manure were much narrower. Liquid swine manure was also characterized by a much smaller proportion of lignin and a higher NH4-N concentration as compared to the other manures.

Whole soil organic C and total N

In the silty clay soil, soil organic C (SOC) was on average 12% higher when residues were returned to the soil than exported, whereas residue management had no effect on soil total N (Table 3 -2). The SOC concentration was on average higher with solid poultry manure (21%), liquid dairy manure (15%) and the NPK (10%), as compared to the PK treatment. The SOC concentration was similar between liquid swine manure and the PK treatment. The fertilizer source had a statistically significant effect on soil total N, and differences among treatments were generally consistent with those observed for SOC. For both SOC and total N, a statistically significant interaction between the fertilizer source and residue management was found in the silty clay soil (Table 3 -3 (S1)). The interaction was mainly caused by the higher SOC and total N concentrations in soils with than without crop residues when fertilized with liquid dairy manure; such a difference was not found with the other fertilizer sources and the PK treatment.

In the sandy loam soil, SOC concentration was 7% higher where crop residues were returned to soil than where residues were exported (Table 3 -2). As in the silty clay soil, residue management showed no effect on total N concentration. By contrast, the fertilizer source had a statistically significant effect on total N, but not SOC concentration in the sandy loam soil.

Total N concentration was higher with poultry (9%), dairy (7%) and swine manure (7%), than with NPK.

Characteristics of SOM Fractions

On average, the LF represented the smallest fraction of SOC in both soils and had the widest C:N ratio (26 to 36) (Figure 3 -2). The coarse-MAOM had a much narrower C:N ratio (~ 15)

and contained a greater proportion of SOC, on average, than the LF. The majority of SOC was comprised in the fine-MAOM of both soils, but the silty clay soil contained about 1.7 times more C in this fraction than the sandy loam soil. The fine-MAOM had the narrowest C:N ratio (~ 11).

Carbon and N concentrations in SOM fractions

In the silty clay soil, returning crop residues increased C concentration in the LF and the coarse-MAOM, but not in the fine-MAOM (Figure 3 -3, a). Similar trends (not statistically significant) were found for N concentration (Figure 3 -3, b). The fertilizer source had no effect on the LF, but had a statistically significant effect on both C and N concentrations in coarse and fine MAOM fractions of the silty clay soil (Figure 3 -3, c,d). In coarse-MAOM, C and N concentrations were greater with poultry and liquid dairy manures than with the other fertilizer sources. In fine-MAOM, C concentrations were higher with poultry and liquid dairy manures than with liquid swine manure and PK, whereas N concentrations were the highest with poultry and liquid dairy manures, intermediate with liquid swine manure and NPK and the lowest with the PK treatment. A statistically significant interaction found between residue management and fertilizer source in the fine-MAOM fraction showed that N concentration was higher with residues returned than exported in soils fertilized with liquid dairy manure, but this difference was not found with the other fertilizer treatments (Table 3 -4 (S2)).

In the sandy loam soil, C concentrations in the LF and coarse-MAOM were higher where crop residues were returned than where residues were exported, but that effect was not found in fine-MAOM (Figure 3 -3, e). In the coarse-MAOM only, the N concentration was also significantly higher with residues returned (Figure 3 -3, f). The fertilizer source influenced the C concentration in the coarse-MAOM fraction only (Figure 3 -3, g). The C concentration of this fraction was higher with the poultry manure than with the NPK and the PK treatment.

Similar trends (not statistically significant) were found for N concentration (Figure 3 -3, h).

Discussion

Residue retention increased C content in whole soil and coarse SOM fractions

In both soils, retaining crop residues increased total SOC concentration in the surface layer (0-5 cm). The greater response of the silty clay soil to residue retention (12% increase relative to residue exported) than in the sandy loam soil (7% increase) could be attributed to lower C and N turnover rates due to greater physical protection and mineral-organic complexation in the clay-rich soil [START_REF] Chivenge | Comparison of organic versus mineral resource effects on short-term aggregate carbon and nitrogen dynamics in a sandy soil versus a fine textured soil[END_REF][START_REF] St | Labile organic nitrogen transformations in clay and sandy-loam soils amended with 15N-labelled faba bean and wheat residues[END_REF]. In both soils, after 9 yrs, the increase in total SOC with crop residues retained was reflected by an increase in C in the LF and coarse-MAOM, but not in the fine-MAOM. As observed by Kirkby et al. (2014) and Gillespie et al. (2014), C-rich and nutrient-poor organic matter, such as mature crop residues, would produce less fine-MAOM, due to N limitation. Haddix et al. (2020) also found that above ground plant litter makes relatively small contribution to C storage in mineral arable soils. It is increasingly accepted that the formation of fine and stable organo-mineral complexes is mainly driven by microbial use efficiency of fresh organic matter (Cotrufo et al., 2013). In the present study, the generally high lignin:N ratio of mature crop residues (Table 3 -1) might not have stimulated the formation of fine-MAOM. However, it can not be excluded that C from plant residues may have replaced some older C in fine-MAOM (Diochon et al. 2016).

Those findings can be extended to soil N as crop residue management did not influence soil N concentration in the silty clay soil and had a limited effect in the sandy loam soil. We suggest that the return of C-rich, N-poor mature crop residues forced microorganisms to mine the soil N reserve to metabolize the newly added C sources [START_REF] Fontaine | Fungi mediate long term sequestration of carbon and nitrogen in soil through their priming effect[END_REF]Kirkby et al., 2014), which resulted in little N accumulation in the soils. Our results further indicate that adding a mineral fertilizer did not improve the limited impact of crop residues on C in fine-MAOM, but increased its N content in the silty clay soil only.

Animal manures increased C and N in whole soil and MAOM fractions

The use of solid poultry and liquid dairy manures generally favored the accumulation of whole-soil SOC and/or N as compared to the PK and/or the NPK treatments, especially in the silty clay soil. This was reflected by increases in C and N in the MAOM fractions, but not in the LF, in agreement with [START_REF] Yan | Long-term effect of chemical fertilizer, straw, and manure on labile organic matter fractions in a paddy soil[END_REF] and Maillard et al. (2015). Even if the LF is usually closely related to the recent history of organic matter addition (Gosling et al., 2013), it also has a high turnover rate (Schmidt et al., 2011) that is influenced by soil microbial activity (Gregorich et al., 2006). We therefore propose that the high proportion of labile C and relatively narrow C:N ratio of manures fostered the direct inclusion of manure-derived C and N within the MAOM fractions. This enrichment occurred in both soils, although the effects were stronger in the silty clay soil.

The positive effect of poultry and liquid dairy manures on the coarse-MAOM fraction could be attributed to the concomitant presence of coarse organic particles (undigested fibers and beddings) and organic-N in the manures. As protein-N is believed to have high affinity for mineral surfaces (Kleber et al., 2011;Knicker, 2011;Kopittke et al., 2018), it is proposed that these N-rich molecules present in manure fostered the rapid coating of coarse organic fragments with mineral particles (Maillard et al., 2015), thereby amplifying the formation of coarse-MAOM. By contrasts, mineral fertilization failed to increase C and N content of this fraction, despite the greater amount of crop residues returned to soil (Samson et al., 2020).

These results suggest that the accumulation of C and N in the coarse-MAOM fraction does not depend on the mere fertilization or the amounts of fresh organic matter inputs, but rely on the biochemical characteristics of the inputs, such as the presence of organic N.

The greater accumulation of C and N also found in the fine-MAOM fractions of the silty clay soil with solid poultry and liquid dairy manure is consistent with the positive effect of manure addition on fine and heavy SOM fractions previously reported by other authors (Christensen, 1988;[START_REF] Angers | Effects of manure application on carbon, nitrogen, and carbohydrate contents of a silt loam and its particle-size fractions[END_REF]Aoyama et al., 1999;Maillard et al., 2015). This positive effect could be attributed to the low lignin:N ratio and high content in soluble and N-rich organic compounds of manure-derived organic matter (Table 3 -1), which could have favored the formation of fine-MAOM complexes in that clay-rich soil (Cotrufo et al., 2013;Cyle et al., 2016). By contrast, manures did not influence the C and N content of the fine-MAOM in the sandy loam soil, as also observed by Aoyama et al. (1999) in a loamy soil. Samson et al. (2020) also observed that manure addition could favor the accumulation of fine organic matter in a clayey, but not in a sandy loam soil. They attributed this discrepancy to the soil clay content since the formation and persistence of fine-MAOM complexes are determined by association with silt and clay particles. Those results support the model proposed by Castellano et al. (2015), suggesting that the effect of litter quality on SOM stabilization within the fine-MAOM fraction could be greater in soils with a greater saturation deficit in the fine-MAOM fraction.

Despite that liquid swine manure additions could also be considered a high-quality organic matter input, it generally did not increase C and N in the different SOM fractions, as compared to the PK and NPK treatments. Moreover, values were generally lower than with the other two manures. A lack of C accumulation in soil after 20 yrs of liquid swine manure applications was also observed by Angers et al. (2010). In agreement with these authors, we hypothesize that swine manure could have led to the priming of both fresh organic matter inputs (Chantigny et al., 2001) and native SOM [START_REF] Bingeman | The Effect of the Addition of Organic Materials on the Decomposition of an Organic Soil[END_REF]. In fact, the very low lignin:N ratio of liquid swine manure coupled with its high content in NH4-N (Table 3 -1) likely fostered the rapid mineralization of C and N within MAOM complexes that are normally protected from decomposition by limited nutrient availability (Bimüller et al., 2014). Moreover, the fact that liquid swine manure generally contains a smaller amount of coarse organic fragments, probably also limited the possibility for swine manure-derived organic matter to become incorporated within the coarse-MAOM fraction. Finally, given the high concentration of soluble compounds found in the liquid swine manure, it can not be excluded that a considerable portion of the C and N comprised in this manure leached below the sampled layer (0-5 cm).

Particular characteristics and behavior of the coarse-MAOM fraction

In most studies, the coarse-MAOM fraction is not isolated, but rather included within the POM, together with the LF. Our results demonstrated that these light (LF) and heavy (coarse-MAOM) portions of POM have distinct properties and responsiveness to soil management practices. The much wider C:N ratio of LF (average of 31) as compared to the coarse-MAOM (15), reflects an important microbial enrichment in the latter, as demonstrated by Li et al. (2013). This coarse-MAOM contains coarse and partly processed plant materials coated by fine mineral particles (Li et al., 2013;Maillard et al., 2015). It is therefore suggested that coarse-MAOM complexes represent the early stage of organic residues-soil mineral matrix interactions, as a result of colonization of fresh organic matter fragments by soil microbes.

In this study, the coarse-MAOM fraction was also particularly responsive to the experimental treatments. In fact, it was the only fraction that responded to both crop residue management and manures in both soils. Moreover, in the silty clay soil, relative differences in C and N contents with solid poultry and liquid dairy manures, as compared to the PK treatment, were 2 to 5 times greater in the coarse-MAOM than in the fine-MAOM. These results are in accordance with Maillard et al. (2015), who also found the coarse-MAOM fraction to be the most responsive to long-term (12 yr) manure applications in a sandy loam soil.

Given its specific characteristics in terms of composition, and its responsiveness to management practices, we propose that the coarse-MAOM fraction is a relevant fraction to monitor the formation of new SOM in arable soils. Moreover, we hypothesize that regular organic inputs and their physical incorporation into the soil matrix may give a greater importance to the physical than to the biochemical pathway in SOM formation and stabilization, in contrast with models proposed for soils in natural [less perturbed] ecosystems (Cotrufo et al., 2015;Robertson et al., 2019). Despite its limited size, the coarse-MAOM fraction would therefore be a central location for SOM formation. Moreover, the readiness of incorporation of fresh organic inputs within coarse organo-mineral complexes depends on the biochemical characteristics of the inputs (Figure 3 

Conclusion

Low quality (high lignin:N ratio) organic inputs, such as mature crop residues, increased the C content of LF and coarse-MAOM in both soils. By contrast, high quality inputs, such as solid poultry and liquid dairy manures favored the direct inclusion of C and N within the coarse-MAOM of both soils, and also within the fine-MAOM of the fine textured silty clay soil. These results support conceptual models of SOM attributing the stabilization potential of fresh organic inputs to their biochemical characteristics and to soil texture. Our results also indicate that the coarse-MAOM fraction (heavy POM) is highly responsive to organic amendment and has a distinct composition and behaviour as compared to LF and fine-MAOM. We conclude that coarse-MAOM represents complexes in the early stage of organic fragments-soil mineral matrix interactions. We propose that, in arable soils, coarse-MAOM is (i) a functionally relevant fraction where most new SOM is formed, and (ii) a key fraction leading to the stabilisation of SOM in fine MAOM through the physical pathway.

Tables Table 3-1. Average (2009Average ( -2017) ) soluble organic compounds, hemicellulose, cellulose and lignin proportions (dry matter basis), lignin:N and C:N ratios as well as N-NH4 concentrations of the liquid swine manure, liquid dairy manure, solid poultry manure applied to soil each spring, and of plant residues returned to soil at harvest. Concentrations in manures (mean ± standard deviation) were determined annually, in triplicates, as per the Van Soest method; concentrations in crop residues were taken from Recous et al. 2015).

Table 3-2. Surface (0-5 cm) soil organic carbon (SOC) and total N as influenced by residue management, fertilizer source and their interactions, and standard error of the means (SEM) for each variable. 
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Introduction

Soils represent the largest terrestrial pool of organic C and can therefore act as both a major source and sink of CO2. Sequestering C in soil by increasing soil organic matter (SOM) content has therefore been proposed as one of the most cost-effective strategies to mitigate global climate change (Minasny et al., 2017). Theoretically, encouraging the broad adoption of management strategies that increase SOM would not only remove significant amounts of CO2 from the atmosphere, but would also improve soil health and, therefore, help sustain the multiple ecosystem services provided by soils. The feasibility of this alluring mitigation strategy has, however, been debated, notably due to stoichiometric constraints [START_REF] Van Groenigen | Sequestering soil organic carbon: a nitrogen dilemma[END_REF]Bertrand et al., 2019). Increasing soil organic C stocks would indeed require the immobilization of substantial amounts of N (Bingham and Cotrufo, 2016;[START_REF] Van Groenigen | Sequestering soil organic carbon: a nitrogen dilemma[END_REF]Bertrand et al., 2019), an essential element for plant growth. This gives rise to an important dilemma already raised by Janzen ( 2006): can we both store organic matter in soil and profit from its decay, or do we necessarily have to choose between the two functions? This dilemma is particularly relevant at a time when adopting management practices that store C in arable soils is widely encouraged, while maintaining the N supply capacity of these soils is also critical to achieve food security under growing demographic pressure.

The dynamics of C and N in soils are intimately intertwined and soil C:N ratios appear to be well-constrained at a global scale (Cleveland and Liptzin, 2007;Bertrand et al., 2019). The C:N ratio of cropland soils is typically lower than to that of forests or pastures and usually varies between 7.6 and 12.5 [START_REF] Xu | A global analysis of soil microbial biomass carbon, nitrogen and phosphorus in terrestrial ecosystems[END_REF]Tipping et al., 2016;Bertrand et al., 2019). If notable changes in C:N ratio have been noted after land us changes [START_REF] Murty | Does conversion of forest to agricultural land change soil carbon and nitrogen? A review of the literature[END_REF][START_REF] Fazhu | Land use change influences soil C, N, and P stoichiometry under 'Grain-to-Green Program[END_REF][START_REF] Li | Deep soil C, N, and P stocks and stoichiometry in response to land use patterns in the loess hilly region of China[END_REF], the C:N ratio of cropped soils seems to be little sensitive to agricultural management practices at the whole soil scale (Bertrand et al., 2019).

However, C and N dynamics can be considerably different within distinct SOM fractions (Bimüller et al., 2014). In fact, SOM is considered as a continuum from fresh and decomposing plant residues to fine and presumably more stable mineral-associated organic matter. Since a few decades now, SOM has therefore been physically fractionated based on its size (Elliott and Cambardella, 1991;Cambardella and Elliott, 1992;Lavallee et al. 2019).

Particulate organic matter (POM; > 50-63 μm) has been associated to fast cycling SOM whereas fine mineral-associated organic matter (fine-MAOM; < 50-63 μm, sometimes referred to as FOM) has been associated to the stable SOM pool. It has been recently

proposed that N-rich organic molecules of microbial origin play a central role in the formation of these presumably stable fine-MAOM complexes (Knicker, 2011;Kopittke et al., 2018). Given the fact that the vast majority of SOM in arable soils is comprised within this fine-MAOM fraction, the C:N ratio of the whole soil is relatively close to that of soil microbes (~ 8.5) and is relatively stable (Cleveland and Liptzin, 2007;[START_REF] Kallenbach | Controls over soil microbial biomass responses to carbon amendments in agricultural systems: A meta-analysis[END_REF]. Sequestering significant amounts of C in these fine and stable organo-mineral complexes would therefore imply the long-term immobilization of large amounts of N (Van Groenigen et al., 2017).

On the counterpart, POM fractions represent a much smaller fraction of total SOM in arable soils. Changes in its quantity, or quality are therefore not necessarily easily reflected at the whole soil scale. However, coarse SOM components tend to react much faster to changes in management practices and has often been regarded as the main site of C and N mineralization in soil (e.g., Schimel and Bennett, 2004;Nyiraneza et al., 2010;[START_REF] St | Labile organic nitrogen transformations in clay and sandy-loam soils amended with 15N-labelled faba bean and wheat residues[END_REF]. Up until now, however, a measurable SOM fraction that could be linked to soil N supply capacity under a wide range of pedoclimatic conditions and management practices has not yet been identified (Luce et al., 2011;[START_REF] Nyiraneza | Prediction of soil nitrogen supply in corn production using soil chemical and biological indices[END_REF][START_REF] Niu | Global patterns and substrate-based mechanisms of the terrestrial nitrogen cycle[END_REF].

Most importantly, a mechanistic understanding of soil N supply capacity will be needed before we can efficiently couple C and N cycling within distinct SOM fractions in predictive models. In fact, coupling C and N cycles in mechanistic models based on biogeochemical processes and operationally-defined SOM fractions remains an important challenge, since research on soil C and N cycles have historically evolved in parallel, using different methods and often considering very different time scales.

For instance, Robertson et al. (2019) recently proposed a mathematical model based on the biogeochemical processes that govern SOM formation and persistence. This model is based on the Microbial Efficiency-Matrix Stabilization framework (Cotrufo et al., 2013) and emphasizes the importance of linking the biochemical quality of organic matter inputs with the efficiency of microbial processing and potential interaction with the soil matrix to predict C stabilization processes. Their mechanistic model, developed for natural ecosystems, has proven to be a promising tool to predict C storage across extensive gradients of pedoclimatic conditions. However, the authors ultimately stressed the need to develop a mechanistic understanding of N cycling to integrate plant-soil nutrient feedback to this model. Further elucidation of the mechanisms underlying the MEMS model and the effect of management practices in the partitioning of SOM within operationally defined fractions will also be necessary to adapt this model to agricultural soils.

We therefore reviewed the literature to define the most recent knowledge breakthroughs regarding SOM formation and stabilization processes in the topsoil layer. We thereafter identify gaps in knowledge and develop additional concepts to further integrate the N cycle to the concepts underlying the MEMS model (Robertson et al. 2019). We present arguments suggesting that the coarse-MAOM (sometimes referred to as heavy-particulate organic matter), is a pivotal SOM fraction with relevance for both C stabilization and N cycling in soil. Finally, we integrate these ideas into a simple framework of SOM dynamics that considers the effect of agricultural management practices and soil type on the partitioning of C and N within different operationally defined SOM fractions. This framework improves our understanding of the physical locations of mechanisms involved in C stabilization and N supply in arable soils and provides a basis for future research on SOM cycling.

Soil as a carbon sink

Current paradigm of soil organic matter stabilization processes

Our understanding of SOM stabilization mechanisms has greatly improved in the past decades. For the last two centuries, SOM persistence has been mainly attributed to the chemical recalcitrance of organic inputs (Achard, 1786;Waksman, 1936;[START_REF] Olk | Environmental and agricultural relevance of humic fractions extracted by alkali from soils and natural waters[END_REF].

Carbon comprised in complex organic molecules such as lignin, has been thought to be stabilized in soils due to its intrinsic biochemical resistance to microbial breakdown [START_REF] Stevenson | Humus chemistry: genesis, composition, reactions[END_REF]. These molecules could also acquire further recalcitrance through a process known as humification, where their condensation with microbial by-products results in the formation of humus, a highly recalcitrant concatenation of aromatic polymers [START_REF] Kononova | Soil Organic Matter[END_REF]. However, direct and field-based evidence that these processes take place in quantitatively significant proportions in soil has never been found (Lehmann and Kleber, 2015;Kleber and Lehmann, 2019). On the contrary, Kleber et al. (2011) demonstrated that the oldest fraction of soil organic matter mainly contains easily metabolizable aliphatic molecules, that are thought to be of microbial origin (Miltner et al., 2012;Kopittke et al., 2018). These discoveries were the premises to the new theoretical models of SOM dynamics that mainly attribute SOM stabilization to its physical protection, rather than intrinsic or inherited chemical recalcitrance (Schmidt et al. 2011;Dungait et al., 2012). The adsorption of organic matter to mineral surfaces and protection within aggregates would therefore be the main mechanisms leading to the protection of SOM against extensive microbial degradation, thereby promoting their long-term stabilization in soil [START_REF] Lützow | Stabilization of organic matter in temperate soils: mechanisms and their relevance under different soil conditions-a review[END_REF][START_REF] Marschner | How relevant is recalcitrance for the stabilization of organic matter in soils?[END_REF]Kleber et al., 2011;Dungait et al., 2012). Based on these new concepts, there has been a renewed interest in the physical fractionation of soil to isolate functionally relevant SOM fractions (Christensen, 2001;Wander, 2004;[START_REF] Skjemstad | Comparison of the particulate organic carbon and permanganate oxidation methods for estimating labile soil organic carbon[END_REF]Poeplau et al., 2018). Since a few decades there has been a certain consensus for dividing SOM into POM and fine-MAOM as a simple and efficient way to isolate operationally-defined and functionally relevant SOM fractions (Elliott and Cambardella, 1991;Cambardella and Elliott, 1992;Lavallee et al. 2019).

Particulate organic matter

Particulate organic matter (POM) is isolated by size fractionation after dispersion of soil aggregates (Figure 4 -1). It is comprised of coarse organic fragments (>50-63 μm). Its composition and abundance in soil are therefore closely related to the amount and composition of recent organic matter inputs [START_REF] Magid | Recovering decomposing plant residues from the particulate soil organic matter fraction: size versus density separation[END_REF]. As compared to the bulk soil, it is usually enriched in plant carbohydrates and lignin (Golchin et al., 1995;Li et al., 2013) which explains its relatively wide C:N ratio (22.1 ± 14.9) (Cotrufo et al., 2019).

Even if POM accounts on average for only 15% of total organic C in arable soils (Gregorich et al., 2006) , it has often been proposed as a functionally relevant fraction that gives insight to the long-term effects of management practices on soil C content (Cambardella and Elliott, 1992;Gosling et al., 2013). The close relationships found between changes in the proportion of soil C present as POM and soil respiration led to the assumption that this fraction represents the most dynamic part of soil organic C [START_REF] Magid | Recovering decomposing plant residues from the particulate soil organic matter fraction: size versus density separation[END_REF]. In fact, evidences from isotopic studies indicate that this fraction turns over considerably faster than the bulk soil C [START_REF] Baisden | Turnover and storage of C and N in five density fractions from California annual grassland surface soils[END_REF][START_REF] Henderson | Utility of 13C for ecosystem carbon turnover estimation in grazed mixed grass prairie[END_REF]. Furthermore, even if this fraction can eventually become physically stabilized within macroaggregates, the stabilizing agents involved in its physical protection, such as roots and polysaccharides, are relatively weak and mainly temporary and/or transient (Tisdall and Oades, 1982). The POM therefore includes a variety of organic components ranging from fresh and undecomposed plant residues of different origin to partly decomposed and microbially-enriched plant materials encrusted with fine mineral particles (Tisdall and Oades, 1979;Golchin et al., 1994a;Gregorich et al. 2006).

The factors affecting the amount of POM and its biochemical properties include: 1) organic input to the soil, 2) microbial activity that regulates organic matter degradation and the occurrence of stabilizing agents such as fungal hyphaes and microbial polysaccharides (Gregorich et al., 2006) as well as, 3) the potential for the transient stabilization of POM within the soil matrix, as influenced by soil texture and mineralogy (Cambardella and Elliott, 1994). For these reasons, the amount, composition, and behavior of POM can vary greatly depending on land use, management practices and pedoclimatic conditions [START_REF] Chan | Soil particulate organic carbon under different land use and management[END_REF][START_REF] Marriott | Qualitative and quantitative differences in particulate organic matter fractions in organic and conventional farming systems[END_REF]Li et al., 2013;Curtin et al., 2019). In her review on SOM fractions and their relevance to soil functions, Wander (2004) stated that given its heterogeneous biochemical composition and the sensitivity of its kinetics to resource quality and physical factors impacting its decay, it would not be safe to assume that C content of the POM fraction is an effective measure of the active soil organic C pool in all environments.

Fine mineral-associated organic matter

The fine-MAOM is usually operationally defined as the fraction of SOM that is smaller than 50-63 μm, and heavier than 1.6-1.85 g cm -3 , due to its association with mineral particles (Lavallee et al., 2019;Figure 4 -1). It represents the largest proportion of soil organic C in arable soils and has a much narrower C:N ratio (12.6 ± 4.7) than the POM (Cotrufo et al., 2019). The C included within the fine-MAOM mainly consists of microscopic organic fragments or molecules closely associated to mineral surfaces of silt and clay sizes (Lavallee et al., 2019) by strong chemical bondings, such as ligand exchange, cation bridging, and Van der Waals forces [START_REF] Mikutta | Biodegradation of forest floor organic matter bound to minerals via different binding mechanisms[END_REF]Kögel-Knabner et al., 2008). Nitrogen-rich organic molecules, such as microbial proteins and cell wall components (amino-sugars) are thought to play a major role in fine-MAOM formation [START_REF] Rumpel | Non-cellulosic neutral sugar contribution to mineral associated organic matter in top-and subsoil horizons of two acid forest soils[END_REF]Miltner et al., 2012;Kallenbach et al., 2015;Ludwig et al., 2015;Kallenbach et al., 2016;Kopittke et al., 2018) due to their strong affinity with mineral surfaces (Knicker, 2011;Kopittke et al., 2018). These organo-mineral associations can be further stabilized in soil through their occlusion within aggregates, which limits their accessibility to decomposers and/or catalytic enzymes (Dungait et al., 2012). Because of these stabilization mechanisms, fine-MAOM is considered as the core of stable C in soil [START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF]. In fact, despite the simple chemical composition of the occluded organic matter (Kleber et al., 2011), fine-MAOM typically has a much lower turnover rate in soil than the POM (Von Lützow et al., 2007;Poeplau et al., 2018).

According to recent models of SOM formation, the biochemical composition of organic inputs is of particular importance for fine-MAOM formation (Cotrufo et al., 2013). In fact, since fine-MAOM is mostly comprised of microbial by-products, labile organic inputs with a low amount of structural components and a high N content result in a greater microbial use efficiency, which is thought to favor fine-MAOM formation (Cotrufo et al., 2013). Apart from the chemical composition of the organic amendment, all environmental and biological factors that affect microbial use efficiency are also thought to influence fine-MAOM formation (Schmidt et al., 2011). For instance, increasing N availability in soil could also favor microbial anabolism by shifting the C:N ratio of organic matter closer to meeting microbial nitrogen demand, therefore fostering the formation of fine-MAOM (Gillespie et al., 2014a;Kirkby et al., 2014;[START_REF] Poeplau | Increased microbial anabolism contributes to soil carbon sequestration by mineral fertilization in temperate grasslands[END_REF].

Pathways of soil organic matter formation

Recent findings suggest that SOM is formed via two distinct pathways following the addition of plant residues to the soil (Cotrufo et al., 2015). Early in the decomposition process, watersoluble, non-structural plant compounds are released in soil and/or efficiently incorporation into the microbial biomass, resulting in the leaching of dissolved organic matter (DOM) of plant and microbial origin (Cotrufo et al., 2015;Haddix et al., 2016). The incorporation of these simple organic compounds within the fine-MAOM fraction is described as the biochemical pathway (Cotrufo et al., 2015). By contrast, the physical pathway happens when coarse plant fragments are gradually decomposed and incorporated into the soil matrix (Cotrufo et al., 2015). The microbial processing of these fragments and their gradual conversion to microbial by-products could eventually lead to their occlusion within aggregates and ultimately foster the formation of fine-MAOM (Golchin et al., 1994a;Grandy and Neff, 2008;Lehmann and Kleber, 2015). Recent findings, however, suggest that the formation of POM and fine-MAOM are two distinct and independent processes in soils, and that the physical pathway of soil organic matter formation does not result in the formation of significant amounts of fine-MAOM (Haddix et al., 2016;[START_REF] Fulton-Smith | Pathways of soil organic matter formation from above and belowground inputs in a Sorghum bicolor bioenergy crop[END_REF]Haddix et al., 2020). However, these emergent concepts of SOM formation processes must still be tested under different land use, ecosystems and also under longer time frames.

Soil as a nitrogen source

Dividing SOM into POM and fine-MAOM seems to be simple and efficient, as these fractions are fundamentally different in terms of their formation, persistence, and functioning (Lavallee et al., 2019), at least with regards to the C cycle. However, it might not allow to properly integrate soil functions related to the N cycle. In fact, the POM is a C-rich fraction that usually acts as a sink for N [START_REF] Robinson | Soil Particle-size fractions and nitrogen mineralization[END_REF][START_REF] Whalen | Carbon and nitrogen mineralization from light-and heavy-fraction additions to soil[END_REF][START_REF] Fornara | Plant effects on soil N mineralization are mediated by the composition of multiple soil organic fractions[END_REF]Diochon et al., 2016) to meet the stoichiometric constraints of the microbial biomass. The fine-MAOM, in turn, contains large amounts of N, but these N-rich organic molecules are assumed to play a major role in long-term C stabilization in soil (Von Lützow et al., 2007).

This would imply that the fine-MAOM is also a major N sink. If both the POM and the fine-MAOM are N sinks, how then, can soil be such an important N source for plants?

Most research on soil fertility has focused on the formation of inorganic N forms in soil via the depolymerization of plant detritus by soil microbes (Schimel and Bennett, 2004). It has been argued that even if the POM contains small amounts of N, as compared to its C content, the extensive microbial processing of POM could eventually lead to N mineralization (e.g. Bu et al., 2015;St. Luce et al. 2016). The efficiency with which plant material addition to soil results in N mineralization or immobilization would therefore depend on the biochemical characteristics of the input and C:N imbalances between the organic input and soil microbial community [START_REF] Hassink | Relationships between soil texture, physical protection of organic matter, soil biota, and c and n mineralization in grassland soils[END_REF]Mooshammer et al., 2014). This likely explains why POM was associated to soil N supply capacity with limited success, since the parameters affecting this relationship are site dependent (Ros, 2012;Bu et al., 2015).

Some authors also suggested that although fine-MAOM is usually considered as a stable fraction, it could nevertheless be the main source of potentially mineralizable N in soil [START_REF] Sollins | Net nitrogen mineralization from light-and heavy-fraction forest soil organic matter[END_REF][START_REF] Whalen | Carbon and nitrogen mineralization from light-and heavy-fraction additions to soil[END_REF]Bimüller et al., 2014). However, the scientific evidence supporting this hypothesis is mainly derived from incubation experiments of soil samples that had been profoundly disturbed and fractionated prior to incubations. These manipulations therefore likely exposed organic matter in the fine-MAOM that was initially physically protected and stabilized within larger aggregates. Indeed, [START_REF] Sollins | Net nitrogen mineralization from light-and heavy-fraction forest soil organic matter[END_REF] and Bimüller et al. (2014) found that the sum of the N mineralized by the fractions during these incubations was considerably greater than the amount of N mineralized in the bulk soil during the same period. Therefore, even if most of the organic matter comprised in the fine-MAOM is N-rich and biochemically labile (Kleber et al., 2011), a substantial part of this labile N in the bulk soil is physically inaccessible to soil microbes, making it unavailable as a potential source of N (Darrouzet-Nardi and Weintraub, 2014). More recently, however, Jilling et al.

(2018) proposed that the fine-MOAM of the rhizosphere could be a significant source of bioavailable N since root exudates can foster microbial activities and the mobilization of fine-MAOM N in the root vicinity.

To date, isolating a specific and measurable organic matter fraction that can be related to the soil N supply capacity remains a challenge (Luce et al., 2011). Many studies demonstrated close relationships between total SOM and/or total soil N content and soil mineralizable N using regression statistics (Booth et al., 2005;Dessureault-Rompré et al., 2010;[START_REF] Ros | Predicting soil N mineralization: relevance of organic matter fractions and soil properties[END_REF]. However, the potential drivers of these relationships vary considerably among studies, limiting their general applicability to predict the soil N supply capacity (Luce et al., 2011).

In the last decades, many attempts have been made to find a measurable and functionally relevant soil fraction for predicting soil N supply capacity. A meta-analysis showed that most of these fractions (POM-N, hot water extractable N, etc.) were either worse or similar to total N in predicting soil N supply (Ros, 2012). In a review on the subject, Ros (2012) stressed the fact that regression statistics were not well suited for the purpose of predicting soil N supply capacity and that there was a strong need for research that explores the biochemical basis of the relationships between SOM fractions and soil N supply capacity based on a mechanistic approach.

The coarse-MAOM, an underrated fraction in SOM models

What is coarse-MAOM?

The POM is often conceptualized as a "physically uncomplexed" soil organic matter fraction (Gregorich et al., 2006). Nevertheless, it is comprised of a continuum of organic components ranging from light and undecomposed plant materials to heavier and microbially-enriched coarse organic fragments (Tisdall and Oades, 1982). Only a few authors used density fractionation to separate the light and heavy fractions of the POM. They generally found that the light fraction of POM (LF) mainly comprised poorly processed organic fragments of plant origin [START_REF] Jastrow | Long-term effects of elevated atmospheric CO2 on below-ground biomass and transformations to soil organic matter in grassland[END_REF]Maillard et al., 2015;Figure 4 -2), which usually features a wide C:N ratio ranging from 17 to 36 [START_REF] Jastrow | Long-term effects of elevated atmospheric CO2 on below-ground biomass and transformations to soil organic matter in grassland[END_REF][START_REF] Hai | Long-term fertilization and manuring effects on physically-separated soil organic matter pools under a wheat-wheatmaize cropping system in an arid region of China[END_REF]Li et al., 2013) and is rich in plant carbohydrates (Li et al., 2013).

When plant litter enters the soil, it serves as a readily decomposable substrate for soil organisms [START_REF] Alvarez | Associations between organic matter fractions and the active soil microbial biomass[END_REF]. As decomposition progresses, those coarse plant fragments comprised in the LF become enriched in nitrogen due to the proliferation of microorganisms colonizing the decaying tissues [START_REF] Foster | Microenvironments of soil microorganisms[END_REF]. Since N-rich organic molecules of microbial origin show a strong affinity to mineral surfaces (Knicker, 2011;Kopittke et al., 2018), these coarse decaying organic particles eventually become coated by fine mineral particles (Tisdall and Oades, 1979;Tisdall and Oades, 1982;Waters and Oades, 1991;Maillard et al., 2015).

This results in the formation of coarse complexes comprised of mineral-associated macroorganic matter (coarse-MAOM) (Figure 4 -2). This SOM fraction is enriched in microbial amino-sugars (Li et al., 2013) and typically displays a much narrower C:N ratio (9 to 20) than LF (17 to 36) [START_REF] Degryze | Soil organic carbon pool changes following land-use conversions[END_REF][START_REF] Hai | Long-term fertilization and manuring effects on physically-separated soil organic matter pools under a wheat-wheatmaize cropping system in an arid region of China[END_REF]Li et al., 2013). This clearly indicates that the LF and the coarse-MAOM fractions are two very distinct fractions which should be studied separately. Here, we propose that the coarse-MAOM fraction has been underrated in past literature and may have a key role in both C and N cycling in soil.

Coarse-MAOM and soil carbon cycling

The LF is closely related to the amount of plant residues returned to soil [START_REF] Boone | Light-fraction soil organic matter: origin and contribution to net nitrogen mineralization[END_REF]. The coarse-MAOM, however, could be more relevant to understand the soil C cycle in the early stages of organic residues-soil mineral matrix interactions, as a result of colonization of fresh organic matter fragments by soil microbes (Tisdall and Oades, 1982;Golchin et al., 1994b) (Figure 4 -3). The coating of this coarse organic matter with fine mineral particles and the further incorporation of these coarse complexes within macroaggregates through the action of roots and fungal hyphae would physically protect C comprised in coarse-MAOM (Tisdall and Oades, 1982;[START_REF] Golchin | A model linking organic matter decomposition, chemistry, and aggregate dynamics[END_REF]. Supporting this hypothesis, [START_REF] Jastrow | Long-term effects of elevated atmospheric CO2 on below-ground biomass and transformations to soil organic matter in grassland[END_REF] found that, under soil conditions stimulating microbial activity, the LF turned over rapidly whereas the coarse-MAOM tended to accumulate in soil.

Even if these coarse-MAOM complexes are thought to have a shorter residence time in soil than the fine-MAOM (Wander et al. 2004;Kögel-Knabner et al., 2008), increases in their content in soil could still influence C stocks due to its high reactivity to management practices. In fact, Lambie et al. (2019) found that decadal changes in soil C and N content across 46 different sites were mostly explained by changes in free and occluded organomineral complexes of 50 to 250 μm in size. Furthermore, according to many SOM models, the coarse-MAOM could eventually evolve to fine and stable MAOM complexes (Oades, 1984;[START_REF] Six | A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics[END_REF]Robertson et al., 2019) through continued microbial decomposition (Figure 4 -3). As discussed earlier, recent findings, however, suggest that this may not be the main pathway of fine-MAOM formation in soil (Haddix et al., 2020), which would preferentially be formed from soluble plant inputs (Haddix et al., 2016), directly or through continued microbial processing (Liang et al., 2018).

Coarse-MAOM and the nitrogen cycle

Based on the mechanisms discussed above, the agents involved in stabilization of macroorganic matter within coarse-MAOM thus include 1) the coating of coarse decaying material by mineral particles and 2) their inclusion within macroaggregates through the actions of microbial polysaccharides, roots and fungal hyphae, which are all considered as transient and temporary stabilization agents (Tisdall and Oades, 1982;[START_REF] Golchin | A model linking organic matter decomposition, chemistry, and aggregate dynamics[END_REF]. This transient stabilization in soil is what allows this coarse-MAOM to gradually become enriched in N following the accumulation of microbial by-products within the complex. In a decadal timeframe, however, the N-rich organic compounds comprised in the coarse-MAOM most probably end up being released in soil, and eventually mineralized. In fact, the eventual degradation of the organic biding agents involved in their stabilization (Tisdall and Oades, 1982;[START_REF] Six | A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics[END_REF] and/or the effect of wetting-drying and freezing-thawing cycles on the peripheral structures of macroaggregates [START_REF] Denef | Influence of dry-wet cycles on the interrelationship between aggregate, particulate organic matter, and microbial community dynamics[END_REF][START_REF] Zaher | Modeling aggregate internal pressure evolution following immersion to quantify mechanisms of structural stability[END_REF] would eventually result in the disruption of these coarse, transient and N-enriched organo-mineral complexes (Figure 4 -3). We therefore propose that the coarse-MAOM fraction could play a central role in soil N supply function.

As mentioned earlier, there has only been a few studies that explicitly considered the coarse-MAOM fractions and therefore factors driving its dynamics are still poorly known. However, results from studies using other fractionation procedures can provide insight and support to its relevance and importance in N cycling. In an incubation study with 15N-labelled crop residues added to two soils with contrasting texture, [START_REF] St | Labile organic nitrogen transformations in clay and sandy-loam soils amended with 15N-labelled faba bean and wheat residues[END_REF] studied labile organic N transformation in soil. They found that the 15N content of the LF increased rapidly after plant residue addition to soil, but subsequently decreased throughout the study.

Conversely, the 15N content of the POM (that comprises the coarse-MAOM fraction) increased in the first months of the incubation and subsequently decreased. This decrease in N concentration of the POM corresponded with mineral 15N increase in the soils, suggesting that coarse SOM fractions could be an important source of mineral N in agricultural soils.

Supporting theses results, St-Luce et al. (2016) demonstrated, in a multiple stepwise regression analysis that soil net N mineralization was more closely related to the biochemical composition of POM than to soil properties. Similarly, Bosshard et al. (2008) studied the fate of 15N-labelled sheep feces and urine into physically separated SOM fractions and found that small macroaggregates, that are mainly composed of coarse-MAOM (Tisdall and Oades, 1982;Oades and Waters, 1991b), were the principal sink of 15N in soil. They also observed that during the dispersion of soil aggregates, 27% of soil total N was lost, and that is was mainly accounted for by the loss of 15N accumulated in these small complexes.

Even though the coarse-MAOM represents a relatively small proportion of total SOM, these results support the hypothesis that short-term dynamics of coarse SOM fractions play a central role in soil N cycling (Wander, 2004;[START_REF] St | Labile organic nitrogen transformations in clay and sandy-loam soils amended with 15N-labelled faba bean and wheat residues[END_REF]. Nyiraneza et al. (2010a) reported that, after 28 years, soil total N increased by 20% with manure applications, as compared to soils without manure, and by 50% if manure application was combined with inclusion of perennial forage grasses in the crop rotation (Figure 4 -4). In the same systems, they reported that the soil N supply capacity was disproportionately increased with 200% increase with manure and 400% increase if manure was combined with inclusion of perennial grasses in the rotation. It can therefore be hypothesized that the disproportionate increase in soil N supply capacity reflected an uneven accumulation of N in these soils and that N accumulated over 28 years contributed significantly more to N supply capacity that the rest of soil N reserve. Interestingly, a few studies highlighted a preferential accumulation of C and N in the coarse-MAOM fraction when animal manures were applied to soil (Bosshard, et al. 2008[START_REF] Hai | Long-term fertilization and manuring effects on physically-separated soil organic matter pools under a wheat-wheatmaize cropping system in an arid region of China[END_REF], Maillard et al. 2015, Samson et al. 2020). Many others found a significant decrease in the C:N ratio of these SOM fractions when manures were applied to soil (Aoyama et al., 1999;[START_REF] Marriott | Qualitative and quantitative differences in particulate organic matter fractions in organic and conventional farming systems[END_REF]. We therefore hypothesize that the soil N supply capacity may be dependent on the preferential allocation of N into the coarse-MAOM fraction, that provides fertility though its relatively fast turnover, and that it would be the main driver of the N legacy effect typically observed in manured soils (Schröder et al., 2007;Nyiraneza et al., 2010b;Webb et al. 2013;[START_REF] Cavalli | Measuring and modeling soil carbon respiration following repeated dairy slurry application[END_REF]Riley, 2016).

The coarse-MAOM fraction only accounts for about 3 to 11 % of total soil N in agricultural soils (Li et al. 2013;Maillard et al. 2015;Samson et al. 2020). However, considering an average turnover rate of < 10 years for coarse and labile SOM fractions (Gregorich et al., 2006;Von Lützow et al., 2007), it can be estimated that at least 10% of this fraction could turn over in a year. Using data from Samson et al. (2020), we calculated that if 10% of the coarse-MAOM fraction turns over in a year, it would be sufficient to supply 56 to 97 kg N per hectare in the top 30 cm of soil. These values are well in the range of N supply capacity reported by Nyiraneza et al., (2010a) under relatively similar pedoclimatic conditions.

An integrative framework

Our framework aims at describing how the coarse-MAOM may act as a pivotal fraction for N supply soil functions and how it integrates in C stabilization models. It also gives a framework to expand our capacity to explain how agricultural management practices can influence the partitioning of SOM within measurable SOM fractions with distinct functional relevance in agricultural soils and therefore increase our mechanistic understanding of the C and N cycles in agroecosystems. Our framework focuses on the topsoil layer only. Although the subsoil makes a great contribution to soil C stocks (Harrison et al., 2011), SOM formation and stabilization processes in deeper soil layers are different (Poirier et al. 2020) and still relatively poorly understood as compared to those in the topsoil (Rumpel and Kögel-Knabner, 2011).

Framework description

When fresh organic matter is added to soil, water-soluble, non-structural compounds are released and/or rapidly incorporated into the microbial biomass, resulting of subsequent migration of dissolved organic matter (DOM) of plant and/or microbial origin to deeper soil layers (Cotrufo et al., 2015;Haddix et al., 2016) (Figure 4 -5). The DOM is then thought to be rapidly and directly incorporated within fine-MAOM complexes and stabilized in the long-term, via the biochemical pathway (Haddix et al., 2016;Haddix et al., 2020). Its fate is therefore regulated by potential interactions with reactive soil minerals.

In parallel, organic matter that enters the soil as coarse organic fragments is thought to evolve through the physical pathway, as described by Cotrufo et al. (2015) (Figure 4 -5). Organic fragments that physically enter the soil are rapidly colonized by soil microbes since they represent a readily-available source of energy for microorganisms. Microbes feeding on this fresh LF multiply, and produce mucilage and other metabolites. This favors the coating of these organic cores with fine and reactive mineral particles (Tisdall and Oades, 1982;Golchin et al., 1994a), resulting in coarse-MAOM complexes. This implies that the formation of coarse-MAOM from fresh organic matter entering the soil matrix is regulated by the biochemical lability of the input as well as environmental factors affecting microbial use efficiency. Nitrogen-rich organic matter with a low content of structural compounds is thought to optimize microbial use efficiency (Cotrufo et al., 2013) and, thus, would help create and stabilize these coarse-MAOM complexes in the short-to-medium term (1 to 50 years) (Cotrufo et al., 2019). Occlusion of these coarse-MAOM complexes within larger aggregates through the action of organic agents such as polysaccharides, roots and fungal hyphae could increase their residence time in soil (Elliott, 1986;Oades and Waters, 1991a).

However, as decomposition proceeds within these coarse-MAOM complexes, the organic cores are gradually converted to microbial products and therefore become enriched in N.

Decomposition of the organic cores eventually renders the coarse-MAOM unstable because microbial activity declines as the organic cores become less palatable or exhausted (Golchin et al., 1994a). Wetting-drying and freezing-thawing cycles can also lead to the disruption of the macro-aggregates containing coarse-MAOM complexes and of these complexes themselves. These factors therefore favor the release of N-rich molecules and their subsequent mineralisation in the soil, which could contribute to soil fertility. Following the disruption of these coarse-MOAM complexes, the fine mineral particles that coated the cores are separated, but some of their close associations with microbial products can persist in soil, evolve as fine-MAOM complexes, and even facilitate the subsequent accumulation of organic particles on these mineral surfaces (Kopittke et al., 2018).

Influence of soil texture and mineralogy

Since organo-mineral associations play a dominant role in SOM stabilization, soil texture and mineralogy exert a strong influence on SOM cycling. Soils that contain high amounts of amorphous iron and aluminum oxides and/or clay minerals are thought to favor the formation of fine-MAOM complexes [START_REF] Kiem | Refractory organic carbon in particle-size fractions of arable soils II: organic carbon in relation to mineral surface area and iron oxides in fractions< 6 μm[END_REF]Kögel-Knabner et al., 2008;Haddix et al., 2020). These reactive minerals not only favor DOM sorption when high quality organic matter is added to the soil (Cotrufo et al., 2013), but they can also further promote the stability of fine-MAOM complexes by favoring their occlusion within aggregates (Tisdall and Oades, 1982;[START_REF] Jastrow | Soil aggregate formation and the accrual of particulate and mineralassociated organic matter[END_REF]Christensen, 2001;[START_REF] Six | A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics[END_REF]Schweizer et al., 2019).

By contrast, coarse-textured soils with a lower amount of reactive minerals may thus be less likely to stabilize the soluble fraction of organic inputs within fine-MAOM complexes (Samson et al. 2020), which can result in a lower potential for long-term C stabilization in the topsoil.

Coarse-textured soils therefore usually contain a greater proportion of total C and N within the coarse SOM fractions (Sorensen, 1981;[START_REF] Liang | Effect of tillage and crop rotations on the light fraction organic carbon and carbon mineralization in Chernozemic soils of Saskatchewan[END_REF][START_REF] Grandy | The influence of microbial communities, management, and soil texture on soil organic matter chemistry[END_REF]. These coarse fractions of SOM are also thought to have a higher turn over rate in coarse-textured soils, since they are less efficiently stabilized within aggregates (Oades and Waters, 1991a;Six et al., 2000;Christensen, 2001) (Figure 4 -5). This usually results in a faster mineralization rate of fresh organic inputs (Sorensen, 1981;Colman and Schimel, 2013) and a higher percentage of organic N mineralized in these soils (Sorensen, 1981;[START_REF] Hassink | Relationships between soil texture, physical protection of organic matter, soil biota, and c and n mineralization in grassland soils[END_REF]Sørensen and Jensen, 1995;Webb et al., 2013). However, the amounts of C and N present in the coarse-MAOM fraction (absolute pool size) may be more important than the proportion of total C and N present as coarse-MAOM (relative pool size) in determining soil fertility.

Influence of agricultural management practices

The SOM dynamics are particularly challenging to predict in arable soils given the wide array of management practices that influence SOM cycling. For instance, tillage is thought to preferentially degrade coarse SOM fractions (Grandy and Neff, 2008). In fact, tillage can destroy temporary aggregate-stabilizing agents, such as roots and fungal hyphae, and increase the aeration status of the soil, thereby fostering the oxidation of other transient aggregate stabilizing agents such as polysaccharides. This promotes macroaggregate disruption, and exposes coarse-MAOM complexes that were initially physically protected within aggregates (Grandy and Robertson, 2007) (Figure 4 -5). This results in a faster oxidation rate of coarse-MAOM complexes and favors N release in soil. Tillage could therefore increase soil fertility in the short term. In the longer term, however, repeated tillage may reduce the coarse-MAOM pool size and eventually reduce the labile soil N reserve and soil fertility. Consistent with this theory, Balesdent et al. (2000) found, in a literature review, that mineralizable N was always and sometimes up to two-fold greater in untilled than tilled soils.

In arable cropping systems, nutrient inputs also influence SOM cycling. The addition of organic matter, such as animal manure, compost and crop residues has proven to be an efficient way to increase SOM (Gosling et al., 2013). Even if the cumulative amount of organic matter returned to soil has been proposed as the single most determinant factor (Maillard and Angers, 2014), the biochemical quality of the input could be of particular importance to the partitioning of this fresh organic matter within the different SOM fractions.

As compared to animal manures (low lignin:N ratio; high proportion of soluble C and N), low quality amendments such as mature crop residues (high lignin:N ratio; low proportion of soluble C and N), are thought to provide less potential for fine-MAOM formation and longterm SOM stabilization through the biochemical pathway (Samson et al. 2020). Similarly, when the inputs contribute to SOM formation through the physical pathway, mature crop residues are used with a relatively low microbial use efficiency, which could result in a slow conversion of LF to coarse-MAOM (Figure 4 -5). Conversely, high quality organic amendments that contain high amounts of labile and soluble organic compounds, such as animal manures, could foster the formation of fine-MAOM through the biochemical pathway, especially in non-saturated fine-textured soils (Castellano et al., 2015).

Furthermore, evidence showed that animal manures have little effect on the LF, but C and N from these inputs are rather directly incorporated within the coarse-MAOM fraction (Maillard et al., 2015). Samson et al. (2020) attributed this finding to the concomitant presence of coarse organic particles (undigested fibers and beddings) and organic N in the manure. As protein-N is believed to have high affinity for mineral surfaces (Kleber et al., 2011;Knicker, 2011;Kopittke et al., 2018), the presence of these N-rich molecules present in manure likely explains (i) the extensive coating of coarse organic fragments with fine However, further investigations will be required to validate the specific role of the coarse-MAOM fraction in soil fertility and to develop a standardized and reproductible fractionation method. In fact, it must be recognised that although widely utilized, the physical fractionation of SOM can create artefacts in the yielded SOM fractions and be especially sensitive to the method (Poeplau and Don, 2013;Poeplau et al. 2018). Furthermore, it has been argued that fractionation methods yield SOM fractions that are not necessarily homogeneous in term of turnover rates, especially when compared among different systems (von Lützow et al. 2007).

Further work will then be needed to assess the effect of soil, climatic and management factors, on coarse-MAOM formation and turnover rate. Ultimately, this could help to further improve predictive models that integrate C and N cycles. This framework is proposed to stimulate research on the subject and improve our mechanistic understanding of SOM cycling and soil fertility in agricultural systems.

Conclusion

We revisited state-of-the-art literature and the latest knowledge breakthroughs in SOM dynamics to provide a simple integrative framework of C and N cycling in agricultural soils.

This framework considers the coarse-MAOM fraction as a functionally relevant and pivotal fraction for both C storage and N supply soil functions. Agricultural management practices, such as reduced tillage and manuring could favor the formation of coarse-MAOM in the topsoil and therefore contribute to long-term soil fertility. Ultimately, the maturing of these complexes could also foster the formation of fine-MAOM complexes, and contribute to longterm C storage, especially in clay-rich soils. With this framework, we hope to stimulate research on the subject and attempt to integrate N cycling within a framework that was initially built on a mechanistic understanding of the biogeochemical processes involved in SOM formation and C stabilization. Further research will be needed to validate the relevance of the coarse-MAOM for N cycling and to better quantify the effect of pedoclimatic and management factors on its formation and turnover rate. Ultimately, this could help to develop a model that improves the assessment of management and policy action on sustainability of arable soils and help optimize their ecosystem services.

Figures

Figure 4-1. Fractionation scheme and main characteristics of the light fraction (LF), the coarse mineral-associated organic matter fraction (coarse-MAOM) and the fine mineral-associated organic matter fraction (fine-MAOM), emphasizing the difference between light and heavy components of particulate organic matter (POM). 

Introduction

Cultivated soils have lost 20 to 70% of their original C due to conversion of native ecosystems to intensive agricultural systems (Lal, 2001). By adopting conservation management practices, some of this soil C could be regained. Not only storing C and N in cultivated soils could contribute to climate change mitigation (Minasny et al., 2017), but it could also increase soil fertility and resilience (Lal et al., 2011). In the last decades, a large body of work has been done to better understand soil organic matter dynamics and stabilization mechanisms under different management practices (Paustian et al., 1997;[START_REF] Lal | Soil carbon dynamics in cropland and rangeland[END_REF][START_REF] Jarecki | Crop management for soil carbon sequestration[END_REF]. This work was mostly focused on the topsoil layer, since it has been assumed that deeper C was relatively stable and unresponsive to changes in management practices. This assumption is based on the fact that radiocarbon dating studies found that subsurface C could hundreds to thousands of years old (Wang et al., 1999;Chabbi et al., 2009;Hobley et al., 2017). However, recent work suggests that part of subsurface C could turn over much faster (Baisden and Parfitt, 2007;Chabbi et al., 2009;Don et al., 2011), be responsive to land use change (Rumpel and Kögel-Knabner, 2011;Balesdent et al., 2018) and even to agricultural management practices (Harrison et al., 2011;Shahbaz et al., 2017;[START_REF] Osanai | Contrasting agricultural management effects on soil organic carbon dynamics between topsoil and subsoil[END_REF].

Despite lower C concentrations than in topsoil, it is estimated that subsurface horizons account for more than half the global soil C stocks (Jobbágy and Jackson, 2000;Harrison et al., 2011;Balesdent et al., 2018). Because of their lower C concentration and presumed slower turnover rate as compared to topsoil, subsurface horizons may have a large potential for C sequestration and be a significant sink for atmospheric CO2 (Lorenz and Lal, 2005;Chen et al., 2018). However, further experimental evidence is required before we can assert if and how subsurface C can be manipulated in managed agricultural soils.

Subsurface C has a different natures and dynamic than topsoil C. Whereas plant debris are the main inputs of fresh organic matter to the topsoil, inputs to the subsurface mainly comprise roots and their exudates, as well as dissolved organic matter leaching from the topsoil (Rumpel and Kögel-Knabner, 2011). As depth increases, N-rich microbial products contribute more organic matter than C-rich plant components [START_REF] Torn | Organic carbon and carbon isotopes in modern and 100-year-old-soil archives of the Russian steppe[END_REF][START_REF] Angst | Soil organic carbon stocks in topsoil and subsoil controlled by parent material, carbon input in the rhizosphere, and microbial-derived compounds[END_REF]. Furthermore, while aggregation plays a major role in topsoil organic matter stabilization, most organic matter in the subsurface appears to be stabilized through organomineral associations between chemically labile organic matter and clay minerals, and/or Fe and Al oxides (Poirier et al., 2020). Long-term preservation of organic matter in the subsurface has recently been attributed to the spatial separation between microorganisms and their substrates (Fontaine et al., 2007;Chabbi et al., 2009;Preusser et al., 2017). However, in arable soils, management practices, such as tillage and/or the use of highly soluble organic compounds (e.g., liquid animal manures) can have a major effect on fresh organic matter inputs to subsurface layers and influence organic matter dynamics at depth.

Organic inputs to subsurface through leaching of dissolved organic matter can be substantial [START_REF] Kindler | Dissolved carbon leaching from soil is a crucial component of the net ecosystem carbon balance[END_REF]. Climate and water balance are among the main factors driving water and vertical solute transport in soil [START_REF] Radcliffe | Soil water movement[END_REF][START_REF] Camino-Serrano | Linking variability in soil solution dissolved organic carbon to climate, soil type, and vegetation type[END_REF].

However, soil texture and structure influence its hydraulic conductivity and, therefore, influence water flow and solute transport at depth (Horn and Baumgartl, 2002;[START_REF] Miyazaki | Water flow in soils[END_REF]. In soils where preferential flow is favored through macropores and/or shrinkage cracks, transport to subsurface horizons might be faster. However, the interactions of solutes with the mineral matrix are spatially restricted to mineral surfaces along the preferential flow paths [START_REF] Don | Controls on fluxes and export of dissolved organic carbon in grasslands with contrasting soil types[END_REF], leading to a minor role of dissolved organic matter to the accumulation of organic matter in subsurface (Kaiser and Kalbitz, 2012). By contrast, dissolved organic matter percolating more slowly in soil through matrix flow could favor sorption/co-precipitation processes and microbial processing in the subsurface (Kaiser and Kalbitz, 2012).

Given the difference between topsoil and subsurface organic matter, both in terms of inputs, composition, and stabilization mechanisms, and the scarcity of knowledge regarding subsurface organic matter dynamics, it is difficult to predict if and how subsurface C and N stocks respond to agricultural management practices, especially when different practices are combined. Our objective was to examine how varied management systems, combining tillage regimes, crop residue management and fertilizer sources, affected C and N stocks in the N requirements and local recommendations (CRAAQ, 2003): 90 kg N ha -1 for wheat, 120 kg N ha -1 for corn, 0 kg N ha -1 for soybean. The N availability of liquid swine manure and solid poultry manure was assumed to be 80%, whereas that of liquid dairy manure was assumed to be 80% from 2009 to 2013 and 70% thereafter (CRAAQ, 2010). For the PK and NPK treatments, P and K were provided in mineral forms based on crop requirements (CRAAQ, 2003). In the manured plots, P and K were applied as provided with the manure. Fertilizer and manure treatments were not applied to soybean.

Sampling and Analyses

Animal manures

The origin and characteristics of manures were described in detail in Samson et al. (2019).

Briefly, raw liquid dairy manure was collected after about six months of storage in an earthen concrete tank on a dairy operation. Liquid swine manure came from a commercial farrowto-finish operation and was usually collected in the holding tank below the slatted floor. Fresh solid poultry manure was obtained from a commercial broiler operation and included bedding material composed of wood shavings. On the day of application, each manure type was mixed prior to application and small subsamples were repeatedly collected during the application to create a 2-L composite sample for each manure type. Composite samples were mixed in the laboratory before analysis; all analyses were made in triplicates. Total N was determined by Kjeldahl acid digestion on fresh subsamples, whereas total C concentration was measured by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA) on lyophilized subsamples. Total amounts of C and N applied to soil with manures and mineral fertilizers for each treatment are detailed in Table 5-4 (S1). Van Soest analysis were also performed on manures to assess their biochemical composition; these results were published in Samson et al. (2020).

Crop residues

Plants were harvested at maturity using a small-plot harvester (Classic 2004, Wintersteiger, Ried, im Innkreis, Austria) for wheat and soybean, and by hand for corn. All aboveground material was removed from the plots. Grains were separated from the vegetative parts and weighed separately to determine yield. A 500-g subsample of vegetative materials was taken considered as fixed effects and replicates were considered as random effects. Assumptions of homogeneity of variance and normality of residuals were verified graphically. Normality of residuals was also tested using the Shapiro-Wilk test. The effects were considered significant at p ≤ 0.05. Treatment means were separated by the protected least significant difference (LSD) with a Tukey adjustment, calculated at p=0.05. Detailed statistical results are given in (Table 1).

Results

At the beginning of the experiment (2009), differences in C and N stocks among experimental units were not statistically significant. It was therefore assumed that statistical differences found in 2016 were due to the treatments, and not to the inherent variability of the sites.

C and N stocks of the sandy loam soil

After 8 yrs of management, soil C stocks in the top layer (0-15 cm) were higher under minimum than inversion tillage in the sandy loam soil, but tillage did not significantly influence N stocks (Table 5-1). Crop residue management and fertilizer source did not influence topsoil C and N stocks.

A significant three-way interaction was found in the 15-30, 30-45 and 45-60 cm layers (Table 5-1). Under inversion tillage, the soil fertilized with liquid swine manure contained significantly greater C and N stocks in the 15-30, 30-45 and 45-60 cm layers when crop residues were retained than harvested (Figure 5-1); a similar trend (not significant) was also found for liquid dairy manure. The opposite effect was observed with the NPK treatment which resulted in generally greater C and N stocks in the 15-30, 30-45 and 45-60 cm layers when crop residues were harvested rather than retained; the same trend (not significant) was observed in the PK treatment at the 30-45 and 45-60 cm depths. Conversely to inversion tillage, no significant interactions were found between residue management and fertilizer source under minimum tillage. However, harvesting crop residues tended to favor C and N accumulation in the 30-45 and 45-60 cm layers, especially when combined with the use of liquid swine and dairy manure (Figure 5-1).

When considering the whole profile (0-60 cm) of the sandy loam soil, the three-way interaction was also significant for C and N stocks (Figure 5-2). Under inversion tillage, total C and N stocks were significantly higher when liquid swine manure was combined with residue retention, as compared to residue harvesting (Figure 5-2). By contrast, total C and N stocks were greater when NPK was combined with residue harvesting, as compared to residue retention. 

C and N stocks of the silty clay soil

C stocks in the surface layer were numerically higher (0.47 kg m -2 ) in soils under minimum tillage than under inversion tillage (Table 5-2), although the difference was not statistically significant (Table 5-1). However, N stocks were statistically greater where crop residues were retained, and greater with all manure types as compared to the PK treatment. No statistical difference was found between the N stock of the NPK and PK treatments, and solid poultry manure was the only manure type with a statistically greater N stock than the NPK treatment in the 0-15 cm layer.

The only significant effect observed at depth was the interaction between residue management and fertilizer source on soil N stocks in the 30-45 cm layer (Table 5-1). More specifically, when liquid swine manure was used, the N stock of the 30-45 cm layer was greater when crop residues were harvested than retained (Table 5-3).

The various management systems did not significantly affect C stock of the whole profile (0-60 cm) of the silty clay soil. However, the interactive effect of fertilizer source and residue management on N stocks found in the 30-45 cm layer was also significant for the whole soil profile (Table 1). When liquid swine manure was used, N stock of the whole soil profile was greater with crop residues harvested than with residues retained (Figure 4).

Discussion

Moderate management effects on surface C and N stocks

After 8 years of management, C stocks in the top 15 cm of soils were greater under minimum tillage, as compared to inversion tillage; the difference was not statistically significant in the silty clay soil likely because of the spatial variability of C concentrations in this soil. This is in agreement with previous studies under similar climatic conditions that reduced tillage intensity favors the accumulation of C in surface soil (Angers et al., 1997;Angers and Eriksen-Hamel, 2008;Gregorich et al., 2009). However, these studies also demonstrated that inversion tillage can increase C concentration at depth by placing organic matter where decomposition rates are slower, especially in cold and humid climates (Angers et al., 1997;[START_REF] Macdonald | Plowing a poorly drained grassland reduced soil respiration[END_REF]. In our study, tillage did not significantly influence C stocks at the lower soil depths. However, the absence of tillage effect when considering the whole soil profile indicates that C accumulation at depth with inversion tillage tended to offset C accumulation in surface soil under minimum tillage. After 8 yrs of management, tillage did not influence soil N stocks at any sampling depth or in the entire profile.

The fact that crop residue management did not influence C and N stocks in the 0-15 cm layer of the sandy loam soil and only affected N stocks in the silty clay soil was noteworthy. This discrepancy between the two soil types could be due to the fact that fresh organic matter inputs generally turn over more quickly in coarse-textured soils (Sorensen, 1981;Colman and Schimel, 2013), whereas soils with higher clay contents, such as our silty clay soil, have a greater capacity to protect organic matter through sorption to fine mineral surfaces (Poirier et al., 2020). Similarly to crop residue management, fertilization also had a positive impact on C and N stocks of the 0-15 cm layer (especially when comparing animal manured with PK) only in the silty clay soil, which was more susceptible than the sandy loam to protect C and N brought with the manures and additional crop residues microbial community to mine N in indigenous organic matter (Fontaine et al., 2007;Perveen et al., 2019), resulting in increased mineralization and loss of indigenous organic matter at depth. Conversely, the concomitant presence of C-rich crop residues and N-rich animal manures in the organic fertilization treatments may have prevented and/or counterbalance N mining from indigenous soil organic matter.

These results are consistent with the assumption that long-term preservation of organic matter in subsurface soil is mainly attributed to the physical separation between subsurface microorganisms and fresh organic substrates (Fontaine et al., 2007;Chabbi et al., 2009;Preusser et al., 2017). Consequently, management practices that favor fresh inputs of organic C and N to subsurface soil layers, such as tillage and/or inputs with soluble organic components (e.g. liquid manure), could drastically influence organic matter dynamics at depth. The interactive effects that we found between residue management and fertilizer source also suggest that subsurface soil organic matter can be particularly responsive to the stoichiometry of the organic input. Most organic matter in the subsurface is in a relatively labile form (Kaiser and Kalbitz, 2012) primarily stabilized through associations with clay minerals, and/or Fe and Al oxides (Poirier et al., 2020). The priming of this indigenous subsurface organic matter could therefore rapidly occur when a C-rich (or N-rich) organic amendment is placed or migrates at depth and creates an imbalance between indigenous and fresh organic matter stoichiometry.

Under minimum tillage, fresh organic matter inputs were only superficially incorporated in the top 5 cm of soil, which explains that the differences in C and N stocks in subsurface soil as a function of fertilizer source and crop residue management were much smaller than under inversion tillage, and not statistically significant. In the sandy loam, however, with all fertilizer sources, and especially with the liquid animal manures, exporting crop residues under minimum tillage from 2009 to 2016 resulted in greater C and N stocks in subsurface soil layers. The fact that the presence of residues at the soil surface could reduce C stocks at depth is counterintuitive. However, organic matter formation in subsurface is primarily driven by roots and dissolved C leaching from the topsoil (Rumpel and Kögel-Knabner, 2011;[START_REF] Liebmann | Relevance of aboveground litter for soil organic matter formation-a soil profile perspective[END_REF]. A previous analysis of crop and residue yields in the present experiment (Samson et al. 2019) revealed that residue management did not influence crop yields in this soil type, suggesting that it did not significantly influence root growth neither.

We therefore propose that the presence of crop residues at or near the soil surface under minimum tillage influenced organic matter leaching through the profile in two ways. Firstly, it could have reduced the mineralization rate of fresh and indigenous soil organic matter in the topsoil by reducing soil temperature [START_REF] Unger | Residue management effects on soil temperature[END_REF] and increasing soil moisture content [START_REF] Mulumba | Mulching effects on selected soil physical properties[END_REF]. As a result, the production rate of soluble organic compounds would be reduced, decreasing the amount of C and N potentially available for leaching and stabilization at depth. Secondly, leaving crop residues at the surface could have fostered the assimilation and immobilization of manure-derived soluble compounds in the topsoil, limiting their migration at depth (Shahbaz et al., 2017).

In the silty clay soil, the effects of management systems were much weaker than in the sandy loam. This discrepancy between soils of different texture might partly be due to different solute transport mechanisms. In fact, the silty clay soil contains swelling clays, which cause soil shrinking and cracking during drying periods [START_REF] Simard | Le prélevement du K par la luzerne (Medicago sativa L.) et sa dynamique dans 30 sols du Québec[END_REF]). These cracks favor the rapid transport of water and solutes at depth through preferential flow [START_REF] Jarvis | A review of non-equilibrium water flow and solute transport in soil macropores: Principles, controlling factors and consequences for water quality[END_REF][START_REF] Koestel | Meta-analysis of the effects of soil properties, site factors and experimental conditions on solute transport[END_REF]. Conversely, in the sandy loam soil, matric flow transport was likely dominant [START_REF] Koestel | Meta-analysis of the effects of soil properties, site factors and experimental conditions on solute transport[END_REF] and favored more intimate interactions between the leachates and the mineral surfaces. Nevertheless, soil N stocks in the 30-45 cm layer of the silty clay soil differed depending on residue management and fertilizer source combinations (Table 5-3). Once again, opposite patterns were observed between liquid animal manures and NPK, although a statistically significant effect was only found for liquid swine manure. The N stock at this depth was greater when liquid swine manure was combined with residue harvesting than when residues were retained. This is likely because the absence of crop residues favored the leaching of the soluble C and N compounds in liquid swine manure through the swelling cracks, which favored their accumulation in the 30-45 cm soil layer.

Subsurface changes determined the response of the whole-soil profile C and N to management systems

In this study, changes in C and N stocks from 2009 to 2016 were considerably greater in subsurface (15-60 cm) than in top soil (0-15 cm). This challenges the concept of subsurface as a repository of stable organic carbon that does not respond to management practices in the short to medium term. Despite that some radiocarbon studies found C of several millennia in subsurfaces (Wang et al., 1999;Hobley et al., 2017), many authors recently demonstrated that a fraction of deep soil C could be relatively dynamic (Baisden and Parfitt, 2007;Chabbi et al., 2009;Don et al., 2011). According to the current knowledge, the cycling of organic matter in the subsurface would be mainly limited by inputs of energy and/or nutrient supply (Fontaine et al., 2007;[START_REF] Kuzyakov | Priming effects: Interactions between living and dead organic matter[END_REF][START_REF] Scott | The dynamic exchange of dissolved organic matter percolating through six diverse soils[END_REF]. That is particularly true for undisturbed soils in natural ecosystems (Balesdent et al., 2018). In agricultural soils, however, management practices such as tillage and/or the use of animal manure with a high proportion of soluble and nutrient-rich compounds can facilitate C and N supply to subsurface layers (Angers and Eriksen-Hamel, 2008;Angers et al. 2010), as observed in the present study. The effect of agricultural management systems on subsurface C and N could therefore be greater than in natural ecosystems, even in the short to medium term. Under the conditions of the present study, the effect of agricultural management systems on subsurface C and N stocks could also have been exacerbated by the high water balance, which probably facilitated the transport of dissolved organic matter at depth [START_REF] Lundquist | Wet-dry cycles affect dissolved organic carbon in two California agricultural soils[END_REF]Hobley et al., 2017;Balesdent et al., 2018). Moreover, soils that favor matrix flow water movement, such as our sandy loam soil, could further favor changes in subsurface C and N stocks by increasing the intimacy of interactions between reactive minerals and dissolved organic matter (Chabbi et al., 2009), as opposed to heavier clayey soils, such as the silty clay, where dissolved C and N may by-pass most of the soil matrix by preferential flow through shrinkage cracks (Kaiser and Kalbitz, 2012).

In our study, management-induced changes at depth were so large that they were still statistically significant when the whole soil profile was considered. When compared to initial (2009) average C and N stocks, most treatments resulted in either similar or lower stocks in 2016, and most changes were observed in subsurface soil layers (Figure 5-3). The greatest increases in soil C and N stocks in 2016 was found in plots where liquid swine manure was combined to residue retention under inversion tillage, which favored the accumulation of both C and N-rich organic inputs to subsurface soil layers from 2009 to 2016. This treatment resulted in a C increase of 2.8 kg m -2 , corresponding to a retention rate of 15% of the C added to the soil (Table 5-4 (S1)). This is well in the range of crop residue and manure retention rate typically observed in the literature [START_REF] Kong | The relationship between carbon input, aggregation, and soil organic carbon stabilization in sustainable cropping systems[END_REF][START_REF] Thomsen | Carbon sequestration in soils with annual inputs of maize biomass and maize-derived animal manure: Evidence from 13C abundance[END_REF]Maillard and Angers, 2014).

Under most of the other treatments, however, the two studied soil profiles did not accumulate but rather lost carbon between 2009 and 2016 (Figure 5-2; Figure 5-3), mainly because of losses from subsurface soil layers (Figure 5-1; Figure 5-3; Table 5-3). Steinmann et al.

(2016) also found important decadal losses of subsurface C in agricultural soils, even after the adoption of conservation practices. They attributed this continued loss to past conversion of grasslands to croplands many decades before. This scenario is typical of eastern Canada, where a large proportion of grassland soils were converted to cropland soils in the last century (Statistics Canada, 2020). Soil C stocks in top and subsurface drastically decrease following land use change from grassland to cropland [START_REF] Gregory | Long-term management changes topsoil and subsoil organic carbon and nitrogen dynamics in a temperate agricultural system[END_REF], and this gradual C loss can perpetuate for many decades after conversion [START_REF] Minasny | Is soil carbon disappearing? The dynamics of soil organic carbon in Java[END_REF][START_REF] Gregory | Long-term management changes topsoil and subsoil organic carbon and nitrogen dynamics in a temperate agricultural system[END_REF], despite the use of conservation management practices [START_REF] Steinmann | Repeated monitoring of organic carbon stocks after eight years reveals carbon losses from intensively managed agricultural soils in Western Germany[END_REF].

Conclusion

Our results demonstrated after only 8 years of management history that subsurface soil C and N stocks can be more responsive to changes in agricultural management systems than topsoil stocks. Subsurface soil C and N stocks responded to specific combinations of tillage intensity, fertilizer source and crop residue management. Changes in subsurface layers were so large, as compared to those in topsoil, that they dominated stock changes in the whole profile, especially in the coarse-textured sandy loam soil. This study clearly demonstrates that specific combinations of agricultural management practices can have a major effect on subsurface C and N stocks, even at a decadal time scale. Our results showed that increasing surface soil organic C does not necessarily result in net C storage in the whole soil profile.

This stresses the need to better understand and quantify stock changes in the subsurface as influenced by management practices. Since subsurface C accounts for more than half of the global C stocks, a better understanding of these processes will be necessary to develop adequate soil organic matter models and recommend appropriate evidence-based management policies.

Tables Table 5-1. Analysis of the variance (p values) for the effects of tillage, residue management, fertilizer source and their interactions on C and N stocks of different soil layers (0-15, 15-30, 30-45 and 45-60 cm) as well as the whole soil profile (0-60 cm) in a Sandy loam and a Silty clay soil after 8 yrs. L'effet des engrais de ferme sur le rendement dépendait lui aussi de l'espèce cultivée, du type de sol, mais aussi des conditions météorologiques de la saison de croissance.

De façon générale, mais surtout dans l'argile limoneuse, les engrais de ferme donnaient des rendements en blé semblables à ceux de l'engrais minéral. Dans le maïs, toutefois, les engrais de ferme ne semblaient pas couvrir les besoins nutritifs de la culture, surtout et al., 2010;Rusinamhodzi et al., 2011;Pittelkow et al., 2015).

Synthèse des résultats et principales contributions du projet

Par exemple, dans l'argile limoneuse, le travail réduit du sol a permis d'obtenir des rendements supérieurs au labour dans toutes les cultures, mais seulement à partir de la sixième année. Ce résultat confirme donc qu'une période de transition de quelques années puisse être nécessaire avant d'observer un effet positif du travail réduit du sol sur le rendement (Pagliai et al., 2004). Nos résultats ont également confirmé qu'une quantité importante de résidus retournée au sol en travail réduit pouvait affecter les rendements sous un climat froid et humide (Nyborg et al., 1995;[START_REF] Cantero-Martı Ńez | Growth, yield and water productivity of barley (Hordeum vulgare L.) affected by tillage and N fertilization in Mediterranean semiarid, rainfed conditions of Spain[END_REF]Turmel et al., 2015). Bien que ces informations soient déjà assez bien reconnues dans la littérature, nos résultats ont également mis en lumière des résultats et des interactions beaucoup moins connus. Il a donc été proposé qu'en raison de sa teneur en matière organique initiale plus élevée, le sol fournit plus facilement les nutriments nécessaires à la plante dans l'argile limoneuse, alors que dans le loam sableux, elle dépend davantage des apports exogènes de matière organique et de nutriments (Bloom et al., 1988;Webb et al., 1998). Dans le loam sableux, ayant une capacité potentiellement plus faible à fournir de l'azote à la plante (Schipanski et al., 2010), les différences de rendement en fonction de la source fertilisante étaient plus élevées et un arrière-effet positif des engrais de ferme sur le rendement du soya a également été observé. Cet arrière-effet positif des engrais de ferme sur le rendement du soya pourrait s'expliquer par une amélioration de la fertilité du sol suivant une application répétée de ces engrais organiques (Nyiraneza et al. 2010;Webb et al., 2013) et/ou en raison d'une meilleure nodulation sous ces conditions (Ganeshamurthy et Sammi Reddy, 2000).

Le chapitre 1 de cette thèse a donc mis en lumière l'importance de considérer les interactions entre les différentes pratiques agricoles et les facteurs pédoclimatiques du site afin de prédire convenablement la réponse des cultures à l'adoption de pratiques de conservation des sols. Les observations faites dans ce chapitre permettront donc de contribuer à une meilleure interprétation de la variabilité des résultats observée dans la littérature en améliorant notre compréhension des interactions complexes qui soustendent l'effet net de différentes pratiques agricoles sur le rendement. Ultimement, ces résultats pourraient donc contribuer à l'amélioration des modèles mathématiques mécanistiques qui visent à prédire l'effet des pratiques agricoles sur le rendement des cultures dans différents contextes pédoclimatiques et culturaux.

Santé et fertilité du sol

Les résultats issus du chapitre 2 ont permis de confirmer que les pratiques de conservation sont généralement bénéfiques pour les indicateurs de santé du sol (concentration en C organique, biomasse microbienne et diamètre moyen pondéré des agrégats stables) dans la couche de surface [START_REF] Blanco | Principles of soil conservation and management[END_REF]. Nos résultats ont démontré que même dans un horizon décennal, l'influence des pratiques agricoles sur les indicateurs de santé du sol peut être substantielle et peut aussi varier en fonction des combinaisons de pratiques et/ou du type de sol. Tel que déjà proposé par certains auteurs (Bissonnette et al., 2001;Viaud et al., 2011) (Maillard et al., 2015) représente l'une des premières étapes de la stabilisation des apports frais de matière organique au sol, résultant de la colonisation des fragments organiques grossiers par les microorganismes (Golchin et al., 1995). Lors de leur maturation, ces complexes grossiers pourraient également contribuer à la formation de fine-MAOM et donc, à la formation de complexes organo-minéraux stables dans le sol (Robertson et al., 2019) (Tisdall et Oades, 1982 ;Golchin et al., 1994), ce qui donne lieu à la formation de la fraction « coarse-MAOM ». Puisque ces complexes sont majoritairement stabilisés dans le sol par des agents biologiques temporaires (Elliott, 1986 ;Oades et Waters, 1991;Golchin et al., 1994), la perturbation mécanique de ses agents de stabilisation temporaires et/ou la maturation de la coarse-MAOM pourrait mener au relargage de molécules riches en azote dans le sol et éventuellement à leur minéralisation, ce qui pourrait contribuer à la fertilité du sol et au phénomène d'arrière-effet (Figure 6 -4). De leur côté, les fines particules minérales ayant enrobé les complexes de la coarse-MAOM pourraient conserver certaines de leurs associations étroites avec des produits microbiens et même faciliter l'accumulation ultérieure de particules organiques sur ces surfaces minérales pour former la fine-MAOM (Kopittke et al., 2018). Ainsi, nous avons conclu qu'il pourrait être pertinent de considérer la coarse-MAOM comme une fraction d'intérêt pour intégrer la fertilité du sol dans les modèles récents de stabilisation de la matière organique du sol, tel que celui décrit par Robertson et al. (2019).

Nous avons également intégré à ce modèle conceptuel l'effet potentiel des pratiques agricoles sur la formation et la stabilité de la coarse-MAOM. Nous avons conclu que si le labour pouvait favoriser le taux d'oxydation de la coarse-MAOM en surface, et donc, la fertilité du sol à court terme ainsi que la formation de complexes plus fins et plus stables (fine-MAOM), il risquait aussi de réduire, à plus long terme, les réserves de nutriments du sol (Balesdent et al., 2000). La répartition des apports frais de matière organique au sein de fractions plus ou moins labiles de la matière organique du sol dépend quant à elle de la qualité biochimique de l'apport (Cotrufo et al., 2013). Ainsi, sein de ces complexes est donc dictée par l'efficacité d'utilisation microbienne laquelle est elle-même influencée par différents facteurs biotiques et abiotiques (Cotrufo et al., 2013). En revanche, nous avons estimé que les engrais de ferme contenant une certaine proportion de fragments organiques grossiers, mais également une concentration importante de molécules organiques riches en azote (lisier de bovin et fumier de volaille) puissent favoriser à la fois l'accumulation de carbone et d'azote dans la coarse-MAOM et aussi dans la fine-MAOM, lorsque la présence de surfaces minérales réactives le permet. Le lisier de porc, quant à lui, semble être un cas à part, peut-être en raison de sa plus faible concentration en carbone et en fragments grossiers et de sa haute concentration en NH4-N et en composés solubles (Morvan et al., 2006). Ces caractéristiques pourraient stimuler la minéralisation de la matière organique du sol (Angers et al., 2010) et donc possiblement expliquer l'influence moins marquée de ce type d'effluent sur la formation de coarse-MAOM.

Jusqu'à maintenant, la coarse-MAOM a reçu très peu d'attention dans la littérature. Le chapitre 4 pose donc de nouvelles bases pour stimuler la recherche sur les rôles spécifiques de cette fraction physique de la matière organique du sol dans les cycles du carbone et de l'azote. Dans ce chapitre, nous reconnaissons également que les méthodes utilisées pour le fractionnement granulo-densimétrique de la matière organique du sol peuvent causer des artéfacts (Magid et al., 1996) ou encore que les résultats puissent être particulièrement sensibles aux spécificités de la méthode mise en oeuvre et même à l'utilisateur (Poeplau et al., 2013). Plus d'études seront donc également nécessaires pour évaluer la pertinence et la reproductivité de cette méthode de fractionnement ainsi que pour confirmer le rôle fonctionnel de la coarse-MAOM dans la fertilité des sols. plus faible en profondeur (Schmidt et al., 2011;Poirier et al., 2020), l'apport de matière organique riche en carbone a pu pousser la communauté microbienne à miner de l'azote dans la matière organique indigène pour arriver à métaboliser cet apport accru d'énergie (Fontaine et al., 2007;Perveen et al., 2019). Ceci serait en appui à certaines études qui soulignent l'importance de la stoechiométrie entre les apports de matière organique fraîche et la matière organique indigène (Mooshammer et al., 2014). Ce phénomène pourrait même être tout particulièrement important en profondeur, puisque la matière organique y possède généralement une forme biochimique particulièrement labile et une protection physique plus limitée que la matière organique de surface dû à un plus faible degré d'agrégation (Rumpel et Kögel-Knabner, 2011).

Stocks de carbone

Dans l'argile limoneuse, nous avons observé une interaction entre la gestion des résidus de culture et la source fertilisante dans la couche 30-45 cm. Les stocks d'azote étaient plus élevés à cette profondeur lorsque le lisier de porc était combiné à l'exportation des résidus que lorsqu'il était combiné au retour des résidus. L'absence de résidus a probablement favorisé le lessivage des composés solubles riches en azote contenus dans le lisier de porc vers les couches plus profondes (Angers et al., 2010) via les fentes de retrait présentes dans ce sol contenant des argiles gonflantes [START_REF] Simard | Le prélevement du K par la luzerne (Medicago sativa L.) et sa dynamique dans 30 sols du Québec[END_REF].

Dans les deux sols, lorsque l'ensemble du profil (0-60 cm) était considéré, les changements en profondeur après seulement 8 ans étaient tellement plus importants que les changements en surface, qu'ils dictaient la réponse globale (profil entier) des stocks de carbone et d'azote aux pratiques agricoles. Ce résultat est très important et représente une avancée majeure dans nos connaissances. En effet, ils remettent en question l'idée largement acceptée que les couches profondes du sol constituent un pool de carbone très stable et relativement peu sensible aux changements de pratiques (Wang et al., 1999). Plusieurs éléments peuvent contribuer à expliquer pourquoi, dans notre projet, des changements aussi importants ont été observés en profondeur. En effet, il est de plus en plus reconnu que le carbone profond soit relativement labile, mais que le principal facteur expliquant son temps de résidence élevé dans le sol soit la quantité limitée de carbone et de nutriments atteignant ces profondeurs (Fontaine et al., 2007;Chabbi et al., 2009;Preusser et al., 2017). Dans notre dispositif, toutefois, le labour, ainsi que l'utilisation d'engrais organique liquide ont pu favoriser l'apport de matière organique fraîche et de nutriments aux couches profondes. De plus, le climat humide et le bilan hydrique élevé du site à l'étude, typique du climat de l'est canadien, ont également pu favoriser le transport vertical de l'eau et des solutés. À cet effet, nos résultats ont également permis de montrer que dans de telles circonstances, la texture du sol peut influencer les changements de stocks en profondeur sous différentes combinaisons de pratiques agricoles, probablement parce qu'ils ont favorisé des modes de transport de l'eau et des solutés différents. Ainsi, un transport majoritairement matriciel pourrait favoriser les interactions entre les solutés et la matrice de sol et donc favoriser les phénomènes de sorption-coprécipitation et l'activité microbienne en profondeur (Kaiser et Kalbitz, 2012). Ceci pourrait expliquer pourquoi les changements de stocks dans les couches profondes étaient si importants dans le loam sableux. Inversement, dans l'argile limoneuse, le transport de l'eau et des solutés se faisait probablement majoritairement par écoulement préférentiel (fentes de retrait). En effet, ces sols riches en dépôts fluvio-glaciaires issus du retrait de la mer de Champlain contiennent des argiles gonflantes qui engendrent la formation de fentes de retrait lors de l'assèchement des sols [START_REF] Simard | Le prélevement du K par la luzerne (Medicago sativa L.) et sa dynamique dans 30 sols du Québec[END_REF]. Ceci pourrait concentrer le passage de l'eau et des nutriments au niveau des fentes de retrait et ainsi limiter leurs interactions avec le reste de la matrice du sol, expliquant pourquoi l'effet des pratiques agricoles sur les stocks profonds dans l'argile limoneuse était différent que dans le loam sableux.

Ces résultats suggèrent que les modes de transport de l'eau, en plus des pratiques agricoles, puissent avoir un effet majeur sur les stocks profonds, du moins en climat froid et humide et lorsque le bilan hydrique est élevé.

Intégration des chapitres et applications pratiques des résultats

Les résultats obtenus dans les cinq chapitres de cette thèse ont bien démontré la Outre l'accumulation de résidus à la surface du sol, le travail réduit peut également impacter les rendements en complexifiant la lutte aux mauvaises herbes, et particulièrement celle des adventices pérennes [START_REF] Brainard | Towards a no-till nospray future? Introduction to a symposium on nonchemical weed management for reduced-tillage cropping systems[END_REF]. Dans notre essai, nous avons d'ailleurs observé une plus grande prévalence de sétaire glauque dans le loam sableux, lorsque les parcelles de maïs étaient cultivées sous travail réduit du sol (Chapitre 1). La gestion des adventices est un enjeu bien connu des producteurs ayant remis en cause le labour [START_REF] Brainard | Towards a no-till nospray future? Introduction to a symposium on nonchemical weed management for reduced-tillage cropping systems[END_REF]. En raison de l'absence de travail mécanique du sol en profondeur, le travail réduit s'accompagne souvent d'une utilisation accrue d'herbicides [START_REF] Day | Pesticide use in US corn production: Does conservation tillage make a difference?[END_REF]. Entre autres choses, cet enjeu fait en sorte que les bienfaits du travail réduit du sol sur l'environnement sont parfois débattus [START_REF] Lankoski | No-till technology: benefits to farmers and the environment? Theoretical analysis and application to Finnish agriculture[END_REF]. De plus en plus de chercheurs et de producteurs s'intéressent maintenant à l'utilisation des cultures intercalaires et/ou cultures de couverture pour faciliter la lutte aux mauvaises herbes dans les systèmes sous travail réduit, ou semis direct du sol [START_REF] Teasdale | Contribution of cover crops to weed management in sustainable agricultural systems[END_REF][START_REF] Mirsky | Conservation tillage issues: Cover crop-based organic rotational no-till grain production in the mid-Atlantic region[END_REF][START_REF] Masilionyte | Effect of cover crops in smothering weeds and volunteer plants in alternative farming systems[END_REF]. Cette stratégie de lutte intégrée demande cependant le développement d'un plan de culture bien raisonné, afin d'éviter que ces espèces ne deviennent un foyer d'infection des pathogènes pour les cultures principales et/ou qu'elles entrent en compétition avec celles-ci pour l'eau et les nutriments [START_REF] Mirsky | Conservation tillage issues: Cover crop-based organic rotational no-till grain production in the mid-Atlantic region[END_REF]. Pour une transition réussie, en azote. Instinctivement, il serait tentant de recommander l'application d'engrais de ferme au printemps suivi d'un application en post-levée d'engrais minéral pour combler les besoins en azote de la culture sans dépasser les doses recommandées de phosphore (CRAAQ, 2010). Or, certaines études ont suggéré que la fertilisation « mixte » puisse annuler l'effet positif des engrais de ferme sur les propriétés du sol en surface (Maillard et Angers, 2014;Maillard et al., 2015). Une stratégie intéressante permettant de conserver les effets positifs sur les propriétés du sol tout en permettant d'augmenter les rendements en maïs serait de considérer l'utilisation d'un engrais vert de légumineuses à l'automne précédant la culture du maïs. En effet, les légumineuses ont l'avantage de fixer de l'azote atmosphérique dans le sol tout en apportant une quantité limitée de phosphore lors de leur retour au sol. Une méta-analyse réalisée par Charles et al. ( 2017) a mis en évidence un apport équivalent en azote minéral de 86 kg N ha -1 et un gain de rendement de 16 à 27 % lorsqu'une culture de couverture de légumineuses était implantée l'année précédant une culture principale de maïs ou de blé. De plus, jumelées à l'utilisation d'engrais de ferme, les cultures de couverture ont l'avantage d'améliorer la rétention de l'azote des engrais de ferme dans le sol et de diminuer le lessivage des éléments nutritifs vers les cours d'eau [START_REF] Parkin | Cover crop effects on the fate of N following soil application of swine manure[END_REF][START_REF] Cambardella | Soil nitrogen response to coupling cover crops with manure injection[END_REF]. Puisque les engrais de ferme favorisent l'accumulation de carbone dans les fractions labiles de la matière organique des sols (POM, LF et coarse-MAOM;

Chapitres 3 et 4) et contribuent de façon significative à la fertilité du sol sur le long terme (Nyiraneza et al. 2010;Webb et al., 2013), la combinaison d'engrais de ferme et de cultures de couverture pourrait être une stratégie de choix pour la durabilité de ces systèmes agronomiques, sans compromettre les rendements et la viabilité économique de l'entreprise.

D'autres problématiques peuvent toutefois découler de l'utilisation d'engrais de ferme.

Par exemple, les engrais de ferme peuvent contenir des quantités significatives d'antibiotiques [START_REF] Ji | Antibiotic resistance gene abundances associated with antibiotics and heavy metals in animal manures and agricultural soils adjacent to feedlots in Shanghai; China[END_REF]) et de métaux lourds [START_REF] Nicholson | An inventory of heavy metals inputs to agricultural soils in England and Wales[END_REF]. Leur utilisation répétée peut ainsi contribuer à l'accumulation de ces éléments dans le sol et ultimement perturber l'abondance, la diversité et le fonctionnement du microbiome édaphique [START_REF] Smejkalova | Effects of heavy metal concentrations on biological activity of soil micro-organisms[END_REF][START_REF] Ji | Antibiotic resistance gene abundances associated with antibiotics and heavy metals in animal manures and agricultural soils adjacent to feedlots in Shanghai; China[END_REF] Au cours des dernières décennies, certains pays ont développé des politiques offrant des incitatifs financiers liés à la séquestration de carbone dans les sols agricoles. Dans ce contexte, les incitatifs doivent être basés sur des prédictions adaptées au contexte spécifique de la ferme en question, ou encore sur des mesures directes des stocks de carbone à la ferme. Chacune à leur manière, ces méthodes posent toutefois d'importants défis [START_REF] Smith | How to measure, report and verify soil carbon change to realize the potential of soil carbon sequestration for atmospheric greenhouse gas removal[END_REF]. En effet, le suivi des stocks de carbone à l'échelle de la ferme serait très coûteux, notamment en raison de la variabilité spatiale, qui exige un nombre élevé d'échantillons pour arriver à une évaluation représentative des changements de stocks sous différentes pratiques agricoles [START_REF] De Gruijter | Farm-scale soil carbon auditing[END_REF]. De plus, il a été démontré que l'amplitude du changement annuel de stock de carbone causé par les conditions météorologiques annuelles puisse facilement dépasser les changements de stock liés à un changement de pratique agricole, du moins, sur une échelle de temps décennale [START_REF] Antle | Spatial heterogeneity, contract design, and the efficiency of carbon sequestration policies for agriculture[END_REF]Dimassi et al., 2014;[START_REF] Paustian | Climate-smart soils[END_REF]. Les prédictions issues de modèles mathématiques prédictifs, quant à elles, devraient théoriquement tenir compte des paramètres pédoclimatiques et culturaux liés à la réalité de l'entreprise, peu importe l'échelle de temps étudiée. Cependant, la précision de ces modèles demeure discutable, notamment en raison de l'importante variabilité spatiale à l'échelle de la ferme et de la pléiade de facteurs à considérer et à paramétrer dans le modèle pour obtenir des prédictions fiables [START_REF] Otway | Farm-Scale Modelling for the Spatio-Temporal Prediction of Soil Carbon Sequestration in South-Western Australia: Bringing Soil Carbon Modelling to the Farm Gate[END_REF]. Même s'ils n'ont pas été étudiés dans cette étude, il est important de prendre en compte les autres processus majeurs, mais parfois sous-estimés entrant également en jeu dans l'équation. Par exemple, lorsqu'on s'intéresse au rôle à jouer des sols agricoles dans la lutte aux changements climatiques, la séquestration de CO2 est souvent mise de l'avant, mais il ne faut pas omettre de considérer dans l'équation les autres gaz à effet de serre qui peuvent être produits par les sols agricoles. Ainsi, si une pratique agricole permet de stocker du carbone dans le sol, mais qu'elle engendre une libération semblable ou supérieure d'équivalents CO2 sous forme de N2O, son impact sur les changements climatiques ne sera pas nécessairement celui attendu [START_REF] Li | Carbon sequestration in arable soils is likely to increase nitrous oxide emissions, offsetting reductions in climate radiative forcing[END_REF][START_REF] Zaehle | Carbon benefits of anthropogenic reactive nitrogen offset by nitrous oxide emissions[END_REF]. Des mesures ont été réalisées sur le dispositif de ce projet expérimental et leur analyse permettra de répondre à cette question.

De plus, jusqu'à maintenant, très peu d'études se sont intéressées à l'effet des pratiques agricoles sur le carbone profond. Or, nos résultats ont démontré un grand potentiel de réactivité sous les 15 premiers centimètres de sol. Sous les conditions de cette étude, les changements de stocks de carbone en profondeur étaient même si importants, qu'ils ont dicté la réponse globale du sol aux différents itinéraires techniques étudiés (Chapitre 5). Or, la dynamique du carbone profond est encore méconnue (Rumple et Kögel-Knabner, 2011). De récentes études proposent également que les mécanismes de stabilisation du carbone et les principaux facteurs les influençant soient différents en surface et en profondeur (Poirier et al., 2020), ce qui peut engendrer une réponse contrastée des stocks de carbone à certaines pratiques selon la profondeur considérée [START_REF] Osanai | Contrasting agricultural management effects on soil organic carbon dynamics between topsoil and subsoil[END_REF]. les stocks de carbone du sol (Guo et Gifford, 2002), notamment en raison des contrastes au niveau de la couverture du sol par les plantes dans le temps et dans l'espace. Ainsi, tel que proposé dans une méta-analyse réalisée par [START_REF] Poeplau | Carbon sequestration in agricultural soils via cultivation of cover crops-A meta-analysis[END_REF], l'ajout de culture de couvertures dans les systèmes de production de cultures annuelles pourrait permettre de stocker significativement plus de carbone dans le sol (~ 0.32 ± 0.08 Mg C ha -1 année -1 ), en plus d'avoir un effet bénéfique sur la santé du sol en surface [START_REF] Fageria | Role of cover crops in improving soil and row crop productivity[END_REF] et d'avoir des effets potentiels bénéfiques sur le rendement des cultures principales [START_REF] Charles | Meta-analysis of cover cropping systems: The effects of cover crops on subsequent cash crop yields and nitrogen contribution[END_REF]. Recommandée à grande échelle, cette stratégie semblerait donc représenter beaucoup d'avantages et peu de risques agroenvironnementaux.

Perspectives de recherche

Différentes perspectives de recherche peuvent être proposées en regard aux travaux réalisés dans cette thèse. D'abord, nos résultats ont démontré que l'efficacité des engrais de ferme pour la fertilisation dépendait prioritairement des conditions climatiques et de la synchronisation entre les besoins de la culture et la minéralisation de la matière organique des apports et du sol (Chapitre1). Ainsi, pour diminuer la dépendance de nos systèmes culturaux aux engrais de synthèse tout en maintenant des rendements élevés, il faudra développer une meilleure compréhension des facteurs pédoclimatiques influençant la disponibilité de l'azote du sol pour la plante [START_REF] Tremblay | Corn Response to Nitrogen is Influenced by Soil Texture and Weather[END_REF] et peut-être développer des outils permettant de mieux prédire la minéralisation de l'azote dans le sol au cours de la saison de croissance en fonction de certaines propriétés du sol et des conditions météorologiques. Plusieurs auteurs ont déjà tenté de développer ce genre d'outils (Luce et al., 2011;[START_REF] Tremblay | Guidelines for in-season nitrogen application for maize (Zea mays L.) based on soil and terrain properties[END_REF]. Par contre, il apparaît que, globalement, les régressions statistiques ne sont pas très bien adaptées à la prédiction de la fourniture d'azote du sol étant donné la grande dépendance de cette relation à d'autres facteurs spécifiques au site à l'étude (Ros, 2012). Une meilleure compréhension des mécanismes impliqués dans la fertilité du sol et al., 2014), et nous ont également permis d'obtenir des preuves terrain en appui à certains concepts théoriques récents proposés concernant la stabilisation de la matière organique dans le sol (Cotrufo et al., 2013;Robertson et al., 2019). Cependant, les résultats du chapitre 5 ont démontré une réponse très importante des stocks de carbone et d'azote profonds (15-60 cm) aux pratiques culturales. Ces changements dans les stocks profonds se distinguaient de ceux observés en surface, proposant une différence dans les mécanismes de stabilisation selon la profondeur (Poirier et al., 2020). Les résultats que nous avons obtenus portent donc à croire que beaucoup d'efforts devront être déployés dans les prochaines années pour améliorer notre compréhension des mécanismes de stabilisation de la matière organique profonde et des facteurs qui l'influencent en milieu agricole. En effet, puisque le carbone profond représente plus de la moitié du stock global de carbone du sol (Harrison et al., 2011), des changements dans leur concentration en carbone pourraient avoir un impact majeur sur le rôle du sol en tant que puits ou source de carbone atmosphérique. Nos résultats suggèrent que, même dans un horizon décennal, de très grandes différences dans les stocks profonds The objective of this study was to compare crops yield (corn, soybean, wheat) and environmental impact (soil health and C storage) of 20 different combinations of management practices including tillage regime (minimum tillage, mouldboard plowing), crop residue management (harvested or returned to soil) and five different fertilizer sources (organic and mineral) on two soils with contrasting textures (sandy loam and silty clay) over a nine-year period in eastern Canada. After six years, yields were 8-30% higher under reduced tillage in the silty clay, but not in the sandy loam soil. Similar wheat grain yields were obtained with the mineral fertilizer and farmyard manures and manures even had a positive legacy effect on soybean yield in sandy loam, but yield differences were highly variable for corn (0-38%). Surface soil health indicators were 14 to 58% higher under minimum tillage than under mouldboard plowing. While crop residues favored C accumulation in the coarse fractions of soil organic matter, the use of poultry and liquid dairy manure fostered C and N accumulation in coarse and fine organomineral complexes. This led to the development of a conceptual model that integrates soil fertility within C stabilization models in the topsoil layer. However, changes in C stocks under different treatment combinations were smaller in the first 15 cm of soil (0.36-0.76 kg C m -2 ) than in deeper soil layers (up to 2.3 kg C m -2 ) and treatment combinations had contrasting effects on soil C stocks depending on depth.
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 1 Figure 1-1. Average (2011, 2014, 2017) corn grain yield (kg ha -1 ) as influenced by the interactive effect of soil type (Silty clay and Sandy loam), fertilizer source (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure and PK=mineral control without N), and residue management (RH=residue harvested, RR=residue returned). Means with different letters within the same soil type are significantly different at the P<0.05 confidence level. .................................................................................................... Figure 1-2. Basic regression tree (2011, 2014 and 2017) performed with year, soils, and management variables (FertN=amount of available N provided by the fertilizer (kg N ha -1 ), Soil_Nmin=soil mineral N concentration (mg N kg soil -1 ), Soil_C=soil organic C, concentration (g C kg soil -1 ), FertC:N= C/N ratio of the fertilizer source) as predictors of corn grain yield (kg ha -1 ). Soil bulk density, soil pH, soil total N, soil water content, and the amount of residues retained in the previous year were measured in the autumn preceding corn planting and included in this analysis. Box plots graphically depict the average yield, major quartiles and variability of the statistical groups defined by the regression tree. ..................................................................... Figure 1-3. Average (2012 and 2015) soybean grain and straw yield as influenced by the interactive effects of soil type (Silty clay and Sandy loam), tillage (MB=moldboard plowing and MT=minimum till), and the residual effect of previous fertilizer treatments (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure, and PK=mineral control without N). Means with different letters within the same soil type and the same tillage treatment are significantly different at the P<0.05 confidence level.

  Figure 1-1. Average (2011, 2014, 2017) corn grain yield (kg ha -1 ) as influenced by the interactive effect of soil type (Silty clay and Sandy loam), fertilizer source (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure and PK=mineral control without N), and residue management (RH=residue harvested, RR=residue returned). Means with different letters within the same soil type are significantly different at the P<0.05 confidence level. .................................................................................................... Figure 1-2. Basic regression tree (2011, 2014 and 2017) performed with year, soils, and management variables (FertN=amount of available N provided by the fertilizer (kg N ha -1 ), Soil_Nmin=soil mineral N concentration (mg N kg soil -1 ), Soil_C=soil organic C, concentration (g C kg soil -1 ), FertC:N= C/N ratio of the fertilizer source) as predictors of corn grain yield (kg ha -1 ). Soil bulk density, soil pH, soil total N, soil water content, and the amount of residues retained in the previous year were measured in the autumn preceding corn planting and included in this analysis. Box plots graphically depict the average yield, major quartiles and variability of the statistical groups defined by the regression tree. ..................................................................... Figure 1-3. Average (2012 and 2015) soybean grain and straw yield as influenced by the interactive effects of soil type (Silty clay and Sandy loam), tillage (MB=moldboard plowing and MT=minimum till), and the residual effect of previous fertilizer treatments (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure, and PK=mineral control without N). Means with different letters within the same soil type and the same tillage treatment are significantly different at the P<0.05 confidence level.
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 1 Figure I -1. Évolution des superficies (ha) en foin cultivé, en pâturage cultivé et en pâturage naturel pour la province de Québec entre 2001 et 2020. Figure tirée de Thivierge et al. (2020), avec la permission de l'auteure principale.

  rendement des cultures dépend d'une myriade de facteurs. Parmi ceux-ci, les pratiques de conservation des sols, seules ou en combinaison, peuvent avoir une influence directe sur le rendement, ainsi qu'une influence indirecte sur la productivité à court et à long terme en raison de leur impact sur la santé du sol (Figure I -2). L'effet attendu de l'adoption d'une pratique de conservation des sols sur le rendement des cultures reste toutefois largement imprévisible en raison des nombreux autres facteurs (ex. climat, type de sol, etc.) susceptibles d'influencer la réponse du sol et de la plante à ces pratiques. Une revue exhaustive de la littérature peut toutefois permettre de tirer quelques conclusions générales concernant l'effet seul ou combiné de certaines pratiques de conservation des sols sur le rendement des grandes cultures.
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 2 Figure I -2. Schéma simplifié, présentant quelques interactions possibles entre différentes composantes du système cultural (gestion des résidus, travail du sol, fertilisation) et facteurs externes (type de sol, climat) ainsi que leurs effets directs et croisés sur la santé du sol et la productivité des cultures. Différentes combinaisons de ces composantes et de ces facteurs influencent la productivité et la durabilité du système par un effet direct sur le rendement des cultures, mais également de façon indirecte, en raison de leurs effets sur la santé du sol.

  des résidus de culture (récoltés ou retournés au sol) et de la fertilisation azotée sur le rendement des grandes cultures. Les résultats obtenus selon différentes combinaisons de pratiques semblaient toutefois varier selon les facteurs pédoclimatiques à l'étude. Par exemple, dans une étude à très long terme (40 ans) menée en Australie,Dalal et al. (2011) ont étudié les effets principaux et combinés du type de travail de sol, de la gestion des résidus (retournés ou exportés) et de différentes doses d'azote minéral sur l'efficacité de la fertilisation azotée sous une production continue de blé. Après 40 ans, les chercheurs ont constaté que l'efficacité de la fertilisation azotée était similaire en travail conventionnel et en travail réduit du sol, mais qu'une dose faible d'azote combinée au retour des résidus provoquait une augmentation de l'efficacité de la fertilisation azotée peu importe le type de travail du sol. Les auteurs attribuent ce phénomène au rapport C/N élevé des résidus de céréales qui contribue à la rétention de l'azote en raison du phénomène d'immobilisation.

(

  Coarse-MAOM) dans les sols fertilisés avec des fumiers. Bien que très peu d'études en fassent mention, la POM est constituée à la fois de matière organique légère (LF) et de complexes organo-minéraux grossiers et lourds (coarse-MAOM), formés par des fragments organiques partiellement dégradés et recouverts de particules minérales fines (Figure I -3).
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 3 Figure I -3. Division de la matière organique particulaire (POM) en fractions particulaire légère (LF) et lourde (Coarse-MAOM) lorsque les méthodes de fractionnement par la taille sont jumelées aux méthodes de fractionnement par densité.
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 4 Figure I -4. Photo microscopique d'un agrégat montrant la présence d'hyphes fongiques (f) contribuant à la stabilité des macro-agrégats et de corps bactériens (b) accumulés à la surface de ces complexes. Cette photo est tirée de Angers et Chenu, (1998), avec la permission de l'auteur principal.

Figure I - 5 .

 5 Figure I -5. Stabilité des agrégats dans le temps en fonction de la labilité des apports de matières organiques apportées au sol. Figure adaptée de Monier et al. (1965).
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 6 Figure I -6. Évolution du taux de séquestration du carbone (t C ha -1 année -1 ) après la conversion d'un sol pour l'agriculture sous des pratiques intensives, puis l'adoption de pratiques de conservation après l'atteinte d'un seuil critique. Figure adaptée de Minasny et al. (2017).
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 7 Figure I -7. Taux annuel du changement du stock de carbone du sol (%) au Canada entre 1971 et 2015. Figure adaptée de Fan et al. (2019).

  les facteurs pédoclimatiques du site à l'étude. Pour mettre en oeuvre des systèmes de production plus durables en grandes cultures, il faudra donc approfondir notre compréhension des mécanismes biogéochimiques et physiques en jeu et des différents facteurs biotiques et abiotiques susceptibles de les influencer. Ce projet de recherche est basé sur un essai de long terme situé à la station de recherche agronomique de l'Université Laval à St-Augustin-de-Desmaures, près de Québec, au Canada. Le dispositif a été mis en place à l'automne 2008. Il est répété sur une argile limoneuse et sur un loam sableux. Chaque site expérimental prend la forme d'un plan factoriel en tiroirs subdivisés comprenant trois répétitions en blocs complets et combinant différents régimes de travail du sol (travail réduit vs labour), de gestion des résidus de culture (résidus récoltés vs laissés au sol) et cinq différentes sources fertilisantes (fumier de volaille, lisier de bovin, lisier de porc, engrais minéral complet et engrais minéral sans azote) (Annexe I). Les sites ont été cultivés en blé en 2009 et en 2010, puis ils ont suivi une rotation maïs-blé-soya de 2010 à 2016 (une culture par saison de croissance). Ce dispositif expérimental, permettant d'évaluer l'effet de 20 itinéraires techniques différents sur deux Brunisols à texture contrastée sur le long terme (9 ans), nous a permis de fixer les objectifs suivants :

  les engrais de ferme, le lisier de porc produit de meilleurs rendements que le lisier de bovin et le fumier de volaille en raison de sa plus forte proportion en azote facilement assimilable et de son faible rapport C/N. Santé du sol (5) Les pratiques de conservation du sol améliorent les indicateurs de santé du sol (concentration en C organique, biomasse microbienne, diamètre des agrégats, sucres neutres, sucres aminés, fractions granulo-densimétriques de la matière organique du sol) en surface, peu importe la texture du sol. (6) Le retour des résidus de culture et l'utilisation des engrais de ferme ont un effet positif sur les indicateurs de santé du sol en surface, particulièrement lorsque combinés au travail réduit du sol. (7) Comme en milieu naturel, la matière organique particulaire (POM) des sols arables est associée aux résidus végétaux alors que la matière organique fine (FOM) est majoritairement associée aux produits issus de l'activité microbienne. (8) Les résidus de culture améliorent la stabilité des agrégats, mais ont des effets bénéfiques modérés sur l'accumulation de carbone et d'azote dans les fractions fines et stables de la matière organique du sol. (9) Les engrais de ferme favorisent l'accumulation de carbone et d'azote à la fois dans les fractions grossières et labiles et dans les fractions fines et stables de la matière organique du sol. Fertilité du sol (10) L'utilisation d'engrais de ferme favorise l'accumulation préférentielle de matière organique au sein de la coarse-MAOM en surface. (11) La coarse-MAOM est une fraction clé dans le cycle de l'azote des sols agricoles et contribue au phénomène d'arrière-effet des engrais de ferme. Stocks de carbone et d'azote (12) Lorsque tout le profil est considéré (0-60 cm), le travail du sol n'a aucun effet sur le stock total de carbone et d'azote du sol, mais le retour des résidus et l'utilisation d'engrais organiques favorisent le stockage de carbone et d'azote dans le sol. (13) Dans un horizon temporel décennal, les effets des pratiques agricoles sur les stocks de C et de N des couches profondes sont faibles par rapport aux effets sur les couches de surface. Le dispositif expérimental susmentionné a permis de tester ces hypothèses. Les données issues de ce dispositif entre 2008 et 2017 ont fait l'objet des chapitres 1, 2 et 5 alors qu'un échantillonnage et des analyses supplémentaires en 2017, ont fait l'objet du chapitre 3. Finalement, le chapitre 4 est basé sur les connaissances acquises dans les trois premiers chapitres de la thèse ainsi que sur une revue exhaustive de la littérature. La méthodologie liée à chacun des chapitres est décrite en détail dans les sections matériel et méthodes. Les dispositifs expérimentaux de l'expérience principale et de l'expérience secondaire sont décrits en détail dans le chapitre 1 et un schéma est fourni à l'annexe I.

Chapitre 1 -

 1 Crop response to soil management practices is driven by interactions among practices, crop species and soil type ME. Samson abc , S. Menasseri-Aubry b , MH. Chantigny c , DA. Angers c , I. Royer c , A. Vanasse a a Université Laval, Département de Phytologie, 2425 rue de l'Agriculture, Québec, QC, Canada, G1V 0A6 b Agrocampus Ouest, UMR 1069 SAS, 65, rue de St-Brieuc 35042 Rennes Cedex -France c Agriculture and Agri-Food Canada, Québec Research and Development Centre, 2560 Hochelaga Boulevard, Quebec, QC, Canada, G1V 2J3 Copie de l'article publié « Samson, M.-E., Menasseri-Aubry, S., Chantigny, M., Angers, D., Royer, I., Vanasse, A., 2019. Crop response to soil management practices is driven by interactions among practices, crop species and soil type. Field Crops Research 243, 107623. https://doi.org/10.1016/j.fcr.2019.107623 Résumé L'impact des pratiques de conservation des sols sur la productivité des cultures a souvent été évalué. Toutefois, la réaction des cultures à des pratiques spécifiques peut varier en fonction du type de sol et des différentes combinaisons de pratiques possibles. L'objectif de cette étude était de déterminer comment les interactions entre le travail du sol, la source d'engrais, la gestion des résidus de culture et les facteurs pédoclimatiques affectaient le rendement et l'efficacité d'utilisation de l'azote (NUE) dans une rotation maïs (Zea mays) -soya (Glycine max) -blé de printemps (Triticum aestivum) dans deux sols à texture contrastée. Une expérience factorielle a été menée de 2009 à 2017, comparant le labour [MB] au travail réduit du sol [MT], cinq sources fertilisantes (contrôle minéral sans azote [PK], engrais minéral complet [NPK], lisier de porc [LSM], lisier de bovins laitiers [LDM] et fumier volaille [SPM]), ainsi que deux gestions des résidus de culture (retournés au sol [RR] vs récoltés [RH]) sur une argile limoneuse et un loam sableux. Dans l'argile limoneuse, un effet positif du MT sur le rendement s'est développé au fil du temps pour toutes les cultures. Dans le loam sableux, le MT a eu peu d'effet sur le rendement du blé, a généralement diminué le rendement du maïs et a augmenté le rendement du soya. Lorsque les résidus de blé étaient retournés au sol à l'automne précédent, le rendement en grains de maïs a (i) diminué lorsqu'il a été combiné avec le MT dans les deux sols et (ii) lorsqu'il a été combiné avec des engrais de ferme liquides dans l'argile limoneuse. Dans le cas du soya, un effet résiduel positif des engrais de ferme a été observé sous MT dans le loam sableux uniquement. Pour toutes les cultures, l'effet de la source fertilisante sur le rendement était plus important dans le loam sableux que dans l'argile limoneuse. De façon générale, les engrais de ferme ont donné de meilleurs résultats sur les rendements de blé qu'avec le maïs. Parmi les engrais de ferme, le LSM permettait d'obtenir généralement les meilleurs rendements. Un arbre de régression a indiqué que le rendement des grains de maïs était principalement déterminé par l'apport d'azote (rendement plus élevé avec > 110 kg de N ha -1 disponible), mais qu'une réponse plus faible à l'azote est attendue les années où les conditions sont plus sèches et plus froides en juillet-août. Nos résultats ont montré que les interactions entre les pratiques de gestion sont déterminantes pour la productivité des cultures, et que les réponses au rendement sont modulées par l'espèce cultivée, le type de sol et, parfois, les conditions météorologiques annuelles.

  S1). Two soil tillage treatments (moldboard plow [MB] and minimum till [MT]) were assigned to main plots (10 by 35 m in size). The MB treatment consisted of inversion tillage (0.2 m) in the fall and harrowing in the spring (one pass before and one after fertilization, 0.05 and 0.025 to 0.05 m, respectively). The MT treatment consisted of one pass of harrow (0.025 to 0.05 m) in the spring after fertilization. Fertilizer treatments were ascribed to subplots (7 by 10 m) and comprised a no-N control (mineral P and K [PK]), a complete mineral fertilizer [NPK], liquid swine manure [LSM], liquid dairy manure [LDM] and solid poultry manure [SPM]. All fertilizer sources were surface broadcast before planting in the spring, and all plots were harrowed within three hours following application to minimize N loss through ammonia volatilization. Residue management treatments (residues exported with harvest [RH] and residues returned to soil [RR]) were randomly ascribed to sub-subplots (7 by 5 m).

(

  200-250 mL) of each manure type was lyophilized to measure dry matter (DM) and total C concentrations. Manure subsamples were frozen at -20°C and transferred to a freeze-drier (Model FreeZone Plus 4.5 L, Cascade Freeze Dry Systems, Labconco Corp., Kansas City) set at -84°C and 0.12 mBar vacuum until complete dryness. Dry matter was determined as the weight of materials remaining after freeze drying, and total C was measured on the lyophilized material by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA).

  )) could explain similar yields between LSM and NPK. In fact, as compared to the other organic fertilizer sources, the lower C/N ratio of LSM probably favored early-season N availability, and could also have promoted net soil N mineralization(Angers et al., 2010). These results are in line with those ofNyiraneza et al. (2010b) who previously suggested soil mineral N content as one of the main soil variables affecting the response of corn to N in eastern Canada. These authors also noted an important inter-annual variability in the relationship between soil N concentration and corn grain yield, likely due to different weather patterns between years that differently impacted soil N mineralization and availability to crop.[START_REF] Kablan | Variability in corn yield response to nitrogen fertilizer in Eastern Canada[END_REF] also proposed that fertilizer N requirement for corn in eastern Canada should consider the variability associated with site-specific effects of soil type and weather variability among years. All these interrelationships and the importance of each factor under different soil and weather conditions were clearly evidenced by the regression tree.
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Figure 1

 1 Figure 1-3. Average (2012 and 2015) soybean grain and straw yield as influenced by the interactive effects of soil type (Silty clay and Sandy loam), tillage (MB=moldboard plowing and MT=minimum till), and the residual effect of previous fertilizer treatments (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure, and PK=mineral control without N). Means with different letters within the same soil type and the same tillage treatment are significantly different at the P<0.05 confidence level.

  Selected characteristics and application rates of liquid swine manure (LSM), liquid dairy manure (LDM) and solid poultry manure (SPM) for each application year from 2009 to 2017. Fertilizers were not applied on soybean years.Chapitre 2 -Management practices differently affect particulate and mineral-associated organic matter and their precursors in arable soilsMarie-Elise Samson abc , Martin H. Chantigny b , Anne Vanasse a , Safya Menasseri-Aubry c , Isabelle Royer b , Denis A. Angers b a Université Laval, Département de Phytologie, 2425 Rue de l'Agriculture, Québec, QC, G1V 0A6, Canada b Agriculture and Agri-Food Canada, Québec Research and Development Centre, 2560 Hochelaga Boulevard, Québec, QC, G1V 2J3, Canada c Agrocampus Ouest, UMR 1069 SAS, 65, Rue de St-Brieuc, 5042, Rennes Cedex, France Copie de l'article publié : Samson, M.-É., Chantigny, M.H., Vanasse, A., Menasseri-Aubry, S., Royer, I., Angers, D.A., 2020. Management practices differently affect particulate and mineral-associated organic matter and their precursors in arable soils. Soil Biology and Biochemistry, 107867. https://doi.org/10.1016/j.soilbio.2020.107867 Résumé Notre compréhension des mécanismes de formation et de stabilisation de la matière organique du sol (SOM) a évolué récemment. La SOM est considérée comme un continuum allant des résidus végétaux grossiers en cours de décomposition (matière organique particulaire ; POM) à la matière organique fine et stable, associée à des surfaces minérales réactives (matière organique fine ; FOM). Les modèles théoriques actuels font état d'un rôle important des sous-produits microbiens dans la formation de la FOM. Cependant, il existe encore peu d'évidences pour confirmer ces modèles théoriques, en particulier dans les sols arables. Nous avons examiné les indicateurs de qualité du sol de surface (0-10 cm) dans deux Brunisols aux textures contrastées (argile limoneuse et loam sableux) après sept années sous 20 systèmes de gestion différents, combinant deux régimes de travail du sol (travail réduit du sol vs labour), deux modes de gestion des résidus de culture (résidus retournés au sol vs récoltés) et cinq sources d'engrais différentes (contrôle minéral sans azote (PK), fertilisation minérale complète (NPK), lisier de bovin laitier (LDM), lisier de porc (LSM), fumier de volaille (SPM)). Les indicateurs de qualité du sol comprenaient la concentration en carbone organique du sol (SOC), la POM-C, la FOM-C, la biomasse microbienne-C (MBC), les hydrates de carbone d'origine végétale et microbienne, et le diamètre moyen des agrégats stables à l'eau (MWD). Une analyse statistique univariée a été combinée avec une analyse en composantes principales (ACP) pour explorer les relations entre les indicateurs de qualité du sol. Dans les deux types de sol, la POM-C était étroitement liée au MWD et aux hydrates de carbone d'origine végétale, tandis que la FOM-C était étroitement liée aux sucres aminés microbiens. Ces résultats soutiennent les récents modèles conceptuels attribuant la formation de la FOM-C aux sous-produits de la dégradation microbienne. Nous avons constaté que les pratiques de gestion qui favorisent la formation de POM-C, telles que la réduction du travail du sol et le retournement des résidus au sol, étaient particulièrement efficaces pour augmenter la concentration en carbone en surface, quelle que soit la texture du sol. En revanche, les engrais de ferme avaient un effet important sur la biomasse microbienne et l'accumulation de sucres aminés microbiens, mais uniquement dans l'argile limoneuse. Les produits organiques riches en azote et à faible teneur en lignine, tels que les engrais de ferme, pourraient donc être un moyen efficace de favoriser la formation de SOC stable, mais seulement dans les sols où la teneur en argile est suffisante pour permettre la formation de ces complexes fins.

  For soil parameters measured yearly from 2010 to 2015 (MWD, SOC, MBC), a factorial ANOVA model was used. Blocks and years were considered as random factors while soil tillage, fertilizer source, and residue management were considered as fixed effects. Homogeneity of variance was verified through the analysis of residuals. For soil parameters measured in 2015 only (POM-C, FOM-C, AX, GM, GluN and MurA), the same procedure was used, but without the year factor. The effects were considered significant at p ≤ 0.05. Treatment means were separated by the protected least significant difference (LSD), calculated at p=0.05. Detailed statistical results are given in supplementary materials (Table2-3 (S1)). All indications of significant differences and interactions among treatments in the text below refer to this table.A PCA ([START_REF] Escofier | Analyses factorielles simples et multiples: objectifs, méthodes et interprétation[END_REF][START_REF] Husson | Analyse de données avec R[END_REF] was performed with soil variables measured in 2015 to investigate the relationships between surface SOC and other soil quality indicators after 7 years of cropping history. Among the variables measured in 2015, MurA, GluN, MWD, POM-C, FOM-C and AX were used as active variables (MBC and GM were excluded to avoid redundancy of information with MurA and GluN). The SOC and experimental treatments were used as quantitative and qualitative supplementary variables,

  ). All soil quality indicators included in the PCA were positively and significantly correlated to Dim 1 (Figure2-3; Table2 -2). Among management practices (supplementary qualitative variables), tillage treatments were the most strongly correlated to Dim 1, followed by residue management. Coordinates on Dim 1 were positive for minimum tillage and residues retained, and negative for inversion tillage and residues harvested in both soils (Figure2-3 b, d; Table2 -2). In both soils, POM-C, MWD and AX aligned together, whereas FOM-C, GluN and MurA formed a second group of indicators (Figure 2 -3 a, c). The second principal component (Dim 2) accounted for 13% of total variation in both soils (Figure 2 -3 a, c), and most soil quality indicators significantly correlated with Dim 2 (
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 22 Figure 2-2. Interactive effect (2015) of soil tillage, fertilizer source and residue management on particulate organic matter (POM-C), plant-derived carbohydrates (AX) and microbe-derived carbohydrates (GM) content of the surface layer (0-10 cm) of a sandy loam and a silty clay.
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 23 Figure 2-3. Principal components biplots of selected surface soil variables (total soil organic carbon (SOC), mean weight diameter of water-stable aggregates (MWD), particulate organic matter (POM-C), fine organic matter (FOM-C), plant-derived neutral sugars (AX), muramic acid (MurA) and glucosamine (GluN)) for the silty clay (a) and the sandy loam (c), and projections of soil tillage, fertilizer source and residue management used as supplementary qualitative variables in the silty clay (b) and the sandy loam (d).
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 24 Figure 2-4. Graphical sketch of the differential influence of varied management practices on surface (0-10 cm) SOC fractions (particulate organic matter (POM-C), fine organic matter (FOM-C) and their precursors (Plant-derived carbohydrates and microbial amino-sugars) relative to soil texture.

(

  fine-MAOM) du sol de surface (0-5 cm). Nous avons constaté que le retour au sol de résidus de cultures de blé, de maïs et de soya augmentait la concentration en C du sol par une augmentation de la concentration en C de la LF et de la coarse-MAOM, mais n'influençait pas la concentration en N de ces fractions. À l'inverse, la source fertilisante a influencé l'accumulation de C et de N dans la coarse-MAOM et la fine-MAOM de l'argile limoneuse, où des valeurs plus élevées ont généralement été observées avec le fumier de volaille et le lisier de bovins laitiers. Des tendances similaires ont été observées dans le loam sableux, mais des différences statistiquement significatives n'ont été constatées que pour la concentration en C de la coarse-MAOM. La coarse-MAOM présentait un rapport C/N (15-16) beaucoup plus faible que la fraction légère (26-36) et semblait généralement réagir aux différents apports organiques. Malgré sa taille limitée (10 % du carbone organique total du sol), la coarse-MAOM semblait représenter un lieu central pour la formation de la nouvelle SOM et pour l'accumulation de C et N à la suite d'apports organiques frais. Nous proposons donc qu'elle soit considérée dans les modèles comme une fraction pivot de la formation de la SOM dans les sols arables.

  -4). Our results suggest that organic inputs with a high lignin:N ratio, such as mature crop residues, would initially enter the physical pathway of SOM formation though the LF fraction and gradually become incorporated within the coarse-MAOM fraction through microbial decomposition; this fraction could in turn be gradually transformed to fine-MAOM through further microbial decomposition and fragmentation of coarse-MAOM complexes, but this step was not detected in our study. Animal manures, on the other hand, would more directly favor the formation of coarse-MAOM because they contain N-rich organic compounds that are thought to have a strong affinity with mineral surfaces, which could foster the rapid coating of larger organic fragments with fine mineral particles. The low lignin:N ratio of manures could also favor the transfer and accumulation of C and N within the fine-MAOM fraction either directly through the biochemical pathway (leaching of soluble C and N compounds in the soil), or indirectly through the physical pathway (aging and fragmentation of coarse-MAOM complexes). This accumulation of C and N in the fine-MAOM fraction was, however, only found in the fine textured soils.
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 31 Figure 3-1. Scheme of the soil organic matter fractionation adapted from Maillard et al. 2015. LF=light fraction, MAOM=mineral associated organic matter.
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 32 Figure 3-2. Carbon concentration (g C kg -1 soil) and C:N ratio of the LF (light fraction), the coarse-MAOM (coarse mineral associated organic matter) and the fine-MAOM (fine mineral associated organic matter) of silty clay and sandy loam soils. Error bars represent the standard deviation of the mean in each fraction.
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 33 Figure 3-3. Effect of residue management (a,b,e,f) and fertilizer source (c,d,g,h) on C and N content of LF (light fraction), coarse-MAOM (coarse mineral associated organic matter) and fine MAOM (fine mineral associated organic mater) in the silty clay and the sandy loam soils. Error bars represent the standard deviation of the mean in each fraction.
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 34 Figure3-4. Schematic of SOM formation and stabilization emphasizing the relevance of subdividing particulate organic matter (POM) into light (LF) and heavy (coarse-MAOM) material to better highlight the impact of different organic inputs on SOM formation in different fractions. In our study, mature crop residues mainly entered the soil as LF and then coarse-MAOM, with no impact on the size of the fine-MAOM fraction. In contrast, C and N from animal manures were directly incorporated within the coarse-MAOM fraction and, in the fine-textured soils, contributed to increase the amounts of C and N in the fine-MAOM fraction, presumably directly because of the presence of organic N in the manure, or indirectly through aging and fragmentation of coarse-MAOM complexes.
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 42 Figure 4-2. Micropcopic photography of the LF (2 mm scale) and coarse-MAOM (500 μm scale) from Maillard et al. (2015).
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 43 Figure4-3. Scheme that demonstrates the evolution of fresh plant inputs from the light fraction (LF) to the coarse mineral-associated organic matter fraction (coarse-MAOM) and the fine mineral-associated organic matter fraction (fine-MAOM) following the physical pathway of SOM formation. This scheme emphasizes the potential pivotal role of the coarse-MAOM fraction in both carbon storage and nitrogen supply functions of soils.
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 44 Figure 4-4. Graphical representation of results obtained byNyiraneza et al. (2010) showing a disproportionate increase in soil nitrogen supply capacity, as compared to total soil nitrogen increase following 28 years of manure addition to soil and manure additions coupled with the inclusion of forages in the rotation.
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 45 Figure 4-5. Conceptual framework that integrates C and N partitioning within the light fraction (LF), the coarse mineral-associated fraction (coarse-MAOM), the dissolved organic matter fraction (DOM) and the fine mineral-associated organic-matter fraction (fine-MAOM) as affected by agricultural management practices and soil type.

  Globally, after 8 yrs, most management systems resulted in similar or smaller C and N stocks when compared to the 2009 average in most soil layers (Figure5-2; Figure5-3). The only treatments with greater C and N stocks in 2016 than in 2009 were those that favored C and N accumulation at depth, more specifically when liquid swine and dairy manures were combined with crop residue retention under inversion tillage, and when NPK was combined with residue harvesting, also under inversion tillage (Figure5-2).
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 5152 Figure 5-1. Interactive effects of soil tillage, fertilizer source and crop residue management on C (a) and N (b) stocks in the sandy loam soil at different detpths (0-15 cm, 15-30 cm, 30-45 cm and 45-60 cm). Different uppercase letters indicate statistical differences in C stocks, whereas different lowercase letters indicate statistical differences in N stocks. The dashed lines represent the average C and N stocks at the beginning of experiment (2009), when no statistical differences were found among plots.
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 53 Figure 5-3. Interactive effects of soil tillage, fertilizer source and crop residue management on total C (a) and N (b) stocks in the sandy loam soil. Different lowercase letters indicate statistical differences in N stock. The dashed lines represent the average C and N stocks at the beginning of experiment (spring 2009), when no statistical differences were found among plots.
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 61 Figure 6-1. Gains ou pertes de rendement (%) avec le travail réduit du sol, lorsque comparé au labour, selon le type de sol, l'année et la culture. L'astérisque indique les différences statistiquement significatives.

  lorsque les conditions climatiques ne favorisaient pas la minéralisation de la matière organique du sol. Si les conditions de croissance étaient plutôt favorables en 2011, la saison 2014 a été marquée par un début de saison froid et humide et la saison 2017, par un été très sec. Ainsi, l'écart de rendement entre les engrais de ferme et l'engrais minéral variait entre 0 et 38 %, dépendamment de l'année de croissance (figure 6 -2). Dans le soya, nous avons plutôt observé un « arrière-effet » positif des engrais de ferme sur le rendement en grain, mais dans le loam sableux seulement. Cet essai a également permis de confirmer partiellement la deuxième hypothèse. Le retour des résidus de culture au champ a diminué les rendements lorsque combiné au travail réduit du sol, mais pour la culture de maïs seulement, du fait des importantes quantités de résidus au sol laissées par la culture de blé précédente. Les conditions froides et humides prévalant sur les sites à l'étude (13°C et 757 mm de pluie pendant la saison de croissance, en moyenne) et la fertilisation azotée correspondant aux plus faibles doses recommandées peuvent également contribuer à expliquer ce résultat. En
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 62 Figure 6-2. Représentation graphique de l'effet de l'année de croissance sur le rendement moyen de maïs grain obtenu avec différentes sources fertilisantes.

  Figure 6-4. Schéma montrant l'évolution de la coarse-MAOM dans le sol suite à sa maturation et/ou à la perturbation mécanique de ses agents de stabilisation.

  Dans le chapitre 5, un échantillonnage du sol en profondeur (jusqu'à 60 cm) a permis d'évaluer l'effet des différentes pratiques agricoles sur les stocks de carbone et d'azote dans les différentes couches de sol et sur tout le profil de sol. Tel qu'observé dans les chapitres 2 et 3, les pratiques de conservation des sols (travail réduit, retour des résidus et utilisations d'engrais organiques) ont généralement (mais pas toujours) engendré des stocks de carbone et d'azote plus élevés que leurs homologues conventionnels dans la couche 0-15 cm. Les effets positifs des pratiques de conservation observés en surface dans les chapitres 2 (0-10 cm) et 3 (0-5 cm) étaient sans doute plus importants que dans le chapitre 5 (0-15 cm) en raison d'une concentration importante des effets à la surface du sol. Le chapitre 5 nous a toutefois permis d'observer des effets très différenciés et complexes des pratiques agricoles sur les stocks de carbone et d'azote en profondeur.Nos travaux ont donc démontré que les pratiques qui améliorent les indicateurs de qualité du sol en surface (Chapitres 2 et 3), ne sont pas nécessairement les mêmes que celles qui permettent de stocker le plus de carbone dans le sol lorsque la totalité du profil est considérée (Chapitre 5).Dans le loam sableux, sous labour, le retour des résidus a engendré des stocks de carbone et d'azote plus élevés en profondeur que l'exportation des résidus, lorsque combinés à l'utilisation d'engrais de ferme liquide. En accord avec les résultats des chapitres 2 et 3, nous avons supposé que la teneur élevée en matière organique soluble des engrais organiques liquides (et particulièrement du lisier de porc)(Morvan et al., 2006) ait favorisé le lessivage et l'accumulation de la matière organique issue de ces engrais vers les couches plus profondes de sol(Angers et al., 2010). Cette accumulation de C et de N en profondeur était particulièrement marquée lorsque la présence de résidus de culture sous la couche de labour en permettait la rétention. Inversement, lorsque la parcelle était fertilisée avec de l'engrais minéral complet (NPK), le retour des résidus, jumelé au labour engendrait des stocks de carbone et d'azote plus faibles en profondeur. Nous avons avancé que cela puisse être lié à une question de stoechiométrie. En effet, puisque le C/N de la matière organique du sol est généralement

  complexité des facteurs anthropiques, climatiques, biogéochimiques et physiques pouvant affecter l'efficacité agroenvironnementale des systèmes de production en grandes cultures. À cette complexité intrinsèque, s'ajoutent également les enjeux financiers, sociaux et environnementaux liés à la gestion des entreprises agricoles. En effet, pour subsister sur le long terme, les productions agricoles doivent évidemment être rentables, et donc, obtenir des rendements acceptables. Les producteurs doivent également tenir compte de la durabilité de leur entreprise. Celle-ci passe inévitablement par le maintien, ou encore l'amélioration de la santé de leurs sols. Finalement les producteurs agricoles doivent également tenir compte des préoccupations croissantes de la population et des institutions gouvernementales liées à l'impact de l'agriculture sur l'environnement et sur la santé humaine. À l'échelle locale et internationale, on sent donc une mouvance vers le développement d'une approche agroécologique en agriculture afin de faire face aux enjeux économiques, sociaux et environnementaux liés à la production de denrées alimentaires. Bien qu'il soit aisé de s'imaginer qu'en adoptant une pratique agricole dite de « conservation » un producteur s'assure d'optimiser à la fois les services agronomiques et environnementaux rendus par les sols agricoles, la réalité s'avère un peu plus complexe.Ce projet de thèse présente l'avantage majeur de pouvoir intégrer, sous les mêmes conditions climatiques, sur deux types de sol, l'effet des pratiques agricoles et de leurs combinaisons à la fois sur le rendement des cultures, la santé du sol en surface et les stocks de carbone et d'azote sur la totalité du profil (0-60 cm). Cela nous permet donc, pour un même système, de tirer des conclusions plus générales concernant l'efficacité agroenvironnementale des différents itinéraires techniques à l'étude et d'avoir une perspective plus globale et critique concernant les meilleures pratiques à adopter pour assurer la durabilité de nos systèmes de productions agricoles.Le travail réduit du sol est présenté comme étant le principal pilier des pratiques de conservation des sols en grandes cultures. Ses effets bénéfiques sur certaines propriétés biologiques, chimiques et physiques du sol en surface sont bien établis(Hobbs et al., 2008) et se répercutent parfois positivement sur le rendement des cultures, particulièrement sous les climats secs où la disponibilité de l'eau est un des principaux facteurs limitant le rendement des cultures(Ogle et al. 2012). Cependant, nos résultats, comme ceux de plusieurs autres chercheurs (Van denPutte et al., 2010; Toliver et al., 2012; Pittelkow et al., 2015) ont démontré que sous des conditions froides et humides, l'effet du travail réduit du sol sur le rendement pouvait être plus variable. De petites réductions de rendements peuvent être acceptées par le producteur en semis direct ou en travail réduit du sol en raison des coûts de production inférieurs[START_REF] Soane | No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment[END_REF].Ces diminutions de rendements pourraient toutefois être amoindries en considérant la réalité culturale et pédoclimatique de chaque entreprise, en adaptant l'itinéraire technique pour faciliter la transition vers ce mode de production. Dans notre étude, par exemple, les rendements en maïs étaient significativement plus bas sous travail réduit du sol que sous labour, mais seulement si les résidus de paille étaient retournés au sol l'année précédente. Puisque les rendements de blé étaient très élevés, la quantité importante de paille laissée en surface l'année précédant la culture du maïs a pu ralentir le réchauffement du sol au printemps et/ou contribuer à immobiliser l'azote des engrais appliqués au printemps (Chapitre 1). Le fait que le maïs soit une plante particulièrement exigeante en termes de chaleur et d'azote[START_REF] Van Wijk | Soil temperature and the early growth of corn from mulched and unmulched soil[END_REF]) explique sans doute pourquoi l'effet de cette interaction sur le rendement a été observé seulement pour cette culture et non pour le blé et le soya. Une solution possible pourrait être d'adapter l'itinéraire technique en fonction de la rotation de culture et de la quantité de paille produite. Dans le cas du blé, la récolte et la vente de la paille offre un avantage financier non négligeable et pourrait améliorer grandement les rendements subséquents de maïs.

  Il ne faut pas non plus que ces incitatifs financiers liés à la séquestration de carbone encouragent certaines pratiques agricoles qui pourraient permettre de stocker du carbone dans le sol, mais qui nuiraient à la santé du sol en surface et/ou au rendement des cultures. Or, tel qu'observé dans ce projet, les pratiques qui permettent d'améliorer les rendements et/ou la santé du sol en surface ne sont pas nécessairement toujours les mêmes que celles qui permettent de stocker le plus de carbone dans tout le profil, du mois dans un horizon d'une dizaine d'années (Chapitres 1, 2, 3 et 5). Par exemple, les stocks de carbone les plus élevés dans le loam sableux étaient mesurés lorsque le labour était combiné au retour de résidus au sol et à l'utilisation de lisier de bovin ou de lisier de porc. Ces combinaisons de pratiques menaient à une importante accumulation de carbone sous la couche de labour, où les conditions froides et humides en ralentissaient la décomposition. Cependant, tel que discuté dans les sections précédentes, le labour et le lisier de porc n'étaient pas favorables à la santé du sol en surface (Chapitres 2 et 3) et l'utilisation du lisier de bovin ne permettait pas toujours d'obtenir des rendements viables pour le producteur (Chapitre 1). La question se pose alors à savoir si le stockage de carbone dans le sol sous ces conditions revêt un véritable avantage agroenvironnemental.

  Ainsi, pour offrir aux producteurs agricoles des incitatifs financiers pour leur contribution à la lutte aux changements climatiques, il faudrait idéalement que tous les facteurs susmentionnés soient pris en compte. Pour y parvenir, la science devra continuer le raffinement des outils prédictifs à l'échelle de la ferme, ou encore développer des outils de mesure au champ fiables, permettant de faire un échantillonnage rapide et à faible coût. D'ici là, ce genre d'incitatifs ne pourrait être basé que sur des estimations encore assez grossières, ou sur la recommandation à grande échelle de pratiques agricoles présentant peu d'incertitudes en fonction du contexte pédoclimatique et un faible niveau de risque pour les autres services agroenvironnementaux rendus par les sols. Par exemple, la science s'entend pour dire que le mode d'utilisation des terres est l'un des facteurs ayant le plus grand impact sur

  pourrait donc être nécessaire pour arriver à développer des modèles mécanistiques plus puissants qui arrivent à rendre compte d'une majorité de facteurs et de leurs différentes combinaisons sur la libération de l'azote dans le sol. Tel que proposé au chapitre 4, nous croyons qu'il serait intéressant de considérer la coarse-MAOM comme étant une fraction clé à étudier en lien avec la fertilité du sol. Cependant, puisque cette hypothèse est basée principalement sur une revue de la littérature, de plus amples expérimentations devraient être menées afin d'affirmer ou infirmer cette hypothèse.Par exemple, une expérience combinant du fractionnement granulométrique de la matière organique du sol et des incubations en laboratoire pourrait permettre de définir si la coarse-MAOM est effectivement un site préférentiel pour la minéralisation et le relargage d'azote dans le sol malgré sa taille relativement petite (moins de 10 % du stock total de N). Si c'est le cas, plusieurs autres études seront également nécessaires pour comprendre l'influence des facteurs pédoclimatiques et culturaux sur la formation et le taux de résidence de cette fraction dans le sol.Les résultats obtenus dans les chapitres 2 et 3 concernant l'effet des pratiques agricoles et de leurs interactions sur les indicateurs de santé du sol en surface (10 cm) étaient généralement cohérents avec la littérature des dernières décennies sur le sujet (Ugarte

  de carbone et d'azote peuvent être observées, du moins en contexte agricole et sous un climat favorisant un bilan hydrique élevé. Nous croyons donc que de futures recherches devraient non seulement s'intéresser à une meilleure compréhension des mécanismes de stabilisation en profondeur, mais aussi intégrer les concepts liés aux différents mécanismes du transport vertical de l'eau et des solutés tel qu'influencé par les caractéristiques du sol et le climat. Seulement alors, il sera plus aisé de prédire l'effet d'une pratique agricole sur le stockage de carbone global dans le sol. En effet, la simple considération de l'effet d'une pratique sur l'accumulation de carbone en surface pourrait facilement nous mener à des conclusions erronées concernant le rôle de ce sol en tant que source ou puits de carbone.Ensuite, ce projet nous a menés à constater que les disciplines s'intéressant aux cycles du carbone et de l'azote ont majoritairement évolué de façon parallèle au cours des dernières décennies, utilisant des méthodes différentes et s'intéressant souvent à des pas de temps complètement différents. Cependant, puisque le carbone et l'azote ont des cycles intimement liés à l'échelle globale(Bertrand et al., 2019), mais jouent des rôles spécifiques et distinctifs au sein de différentes fractions de la matière organique du sol, nous encourageons un effort collectif pour considérer parallèlement ces deux éléments dans la recherche future sur la matière organique des sols. Idéalement, les modèles qui évaluent l'effet des pratiques agricoles sur la matière organique du sol devraient intégrer à la fois le cycle du carbone et de l'azote, au-delà de la seule prise en compte du rapport stochiométrique qui les relie, en décrivant les mécanismes de stabilisation différents qui prévalent selon la profondeur de sol ainsi que les notions de transport vertical de l'eau et des solutés vers les couches profondes afin de tenir compte de l'ensemble du profil en tant que puits ou source de carbone et d'azote. Finalement, nos travaux ont permis de mettre en lumière toute la complexité des agroécosystèmes et la panoplie de facteurs pouvant influencer les différentes composantes des systèmes agricoles. Pour développer une approche agroécologique des systèmes de production de grandes cultures, basés sur des combinaisons de pratiques de plus en plus complexes, il faudra donc continuer d'approfondir notre compréhension des mécanismes biogéochimiques en jeu et des différents facteurs biotiques et abiotiques susceptibles de les influencer. Si ce projet a contribué à faire un pas de plus dans cette direction, plus d'études seront nécessaires pour approfondir notre compréhension des mécanismes impliqués et ainsi raffiner les modèles visant à prédire l'effet des pratiques agricoles sur les services agronomiques et environnementaux rendus par les sols. Conclusion Nos travaux ont comparé l'efficacité agronomique (rendement et efficacité de la fertilisation azotée) et environnementale (santé du sol et stockage de carbone et d'azote) de 20 itinéraires techniques combinant le type de travail du sol, la gestion des résidus de culture et cinq différentes sources fertilisantes (organiques et minérales) sur deux sols à texture contrastée (loam sableux et argile limoneuse) sur une période de 9 ans. Selon les itinéraires techniques étudiés et les conditions pédoclimatiques des sites à l'étude, il semblerait qu'un certain compromis soit à faire entre le rendement, la santé du sol en surface et la séquestration de carbone sur tout le profil de sol. Bien que le travail réduit du sol ait généralement été bénéfique à la santé du sol en surface, son effet sur le rendement variait en fonction du type de sol et de la culture. De plus, cette pratique ne permettait pas de contribuer au stockage de carbone lorsque toute la profondeur du profil était considérée (0-60 cm). Le retour des résidus au sol a parfois eu des effets négatifs sur le rendement, mais certains effets positifs ont été observés sur la concentration de carbone dans la matière organique grossière en surface et sur le diamètre moyen pondéré des agrégats stables. La gestion des résidus de culture a également interagi de façon évidente avec les autres pratiques de l'itinéraire technique pour influencer les stocks de carbone et d'azote totaux du sol. Par exemple, lorsqu'ils étaient enfouis avec le labour dans le loam sableux et jumelés à l'utilisation d'engrais de ferme liquides, les résidus permettaient d'accumuler du carbone et de l'azote en profondeur. Or, lorsque de l'engrais minéral était utilisé, l'enfouissement des résidus de culture avec le labour causait une diminution des stocks de carbone et d'azote en profondeur, probablement en raison d'un débalancement au niveau de la stoechiométrie de la matière organique en profondeur. Globalement, l'effet des engrais de ferme était influencé par leur qualité biochimique. Ainsi, le lisier de porc permettait parfois d'obtenir de meilleurs rendements que le lisier de bovin et le fumier de volaille, mais son effet positif sur la santé du sol en surface était moins important. En revanche, le fumier de volaille et le lisier de bovin ont favorisé l'accumulation préférentielle de carbone et d'azote dans la fraction lourde et grossière de la matière organique du sol (coarse-MAOM). Selon la littérature, nous estimons que cette fraction puisse jouer un rôle majeur dans le maintien de la fertilité du sol à plus long terme.Or, sur la période de temps étudiée, ces engrais de ferme ne permettaient pas toujours d'obtenir des rendements aussi élevés que l'engrais minéral, particulièrement dans le maïs, azote (PK), engrais minéral (NPK), lisier de porc, lisier de bovin laitier, fumier de volaille.Gestion des résidus : Retournés au champ (r), exportés du champ (e). MT MT Titre : Efficacité agroenvironnementale des pratiques de conservation des sols en grandes cultures : Rendement des cultures et dynamique du carbone et de l'azote dans les sols Mots clés : Agroécologie, santé du sol, fertilité du sol, stocks de carbone du sol Résumé: L'objectif de cette étude était de comparer l'effet de 20 itinéraires techniques combinant le type de travail du sol (travail réduit, labour), la gestion des résidus de culture (récoltés ou retournés au sol) et cinq différentes sources fertilisantes (organiques et minérales) sur deux sols à texture contrastée (loam sableux et argile limoneuse) sur le rendement des cultures (maïs, soya, blé) et leur impact environnemental (santé du sol et stockage de C) sur une période de neuf ans dans l'Est du Canada. Après six ans, les rendements étaient de 8 à 30 % supérieurs sous travail réduit dans l'argile limoneuse, mais pas dans le loam sableux. Les engrais de ferme permettaient d'obtenir: des rendements semblables à l'engrais minéral dans le blé, un arrière-effet positif sur le rendement du soya dans le loam sableux et un effet très variable dans le maïs (0 à -38 %). Les indicateurs de santé du sol en surface étaient de 14 à 58 % plus élevés dans le travail réduit que dans le labour. Alors que les résidus de culture favorisaient l'accumulation de C dans les fractions grossières de la matière organique du sol, l'utilisation de fumier de volaille et de lisier de bovin favorisait l'accumulation de C et de N dans les complexes organominéraux grossiers et fins, menant au développement d'un modèle conceptuel intégrant la notion de fertilité aux modèles de stabilisation du C dans les couches de surface du sol. L'effet des traitements sur les stocks de C était toutefois plus faible dans les 15 premiers cm de sol (0,36 à 0,76 kg C m -2 ) que dans les couches sousjacentes (jusqu'à 2,3 kg C m -2 ) et les itinéraires techniques avaient des effets contrastés sur les stocks de C du sol selon la profondeur. Title : Agronomic and environmental effect of soil conservation management practices in field crops production : Crop yield and soil carbon and nitrogen dynamics Keywords : agroecology, soil health, soil fertility, soil carbon stocks Abstract:
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  Bien que le terme « santé du sol » soit courramment utilisé dans la littérature scientifique, il n'existe pas de définition concensuelle pour ce terme. La définition et l'interprétation de ce terme varie donc selon le contexte et l'utilisateur. Agriculture et Agroalimentaire Canada définit la santé des sols comme étant la capacité des sols « à soutenir la croissance des cultures sans se dégrader, ni nuire à l'environnement »[START_REF] Acton | The health of our soils: toward sustainable agriculture in Canada[END_REF] alors que le NRCS aux États-Unis, définit plutôt la santé des sols comme étant la capacité des sols à « continuer de fonctionner comme un écosystème vivant et vital qui soutient les végétaux, les animaux et les humains ». Puisque les différentes fonctions des sols ne peuvent être directement mesurées, on utilise des indicateurs chimiques, physiques et biologiques pour mesurer la santé du sol(Paul, 2014). Il existe donc une grande quantité d'indicateurs qui peuvent être

utilisés pour caractériser la santé du sol des différents systèmes agricoles. Puisqu'elle joue un rôle central dans la régulation de l'activité microbiologique, la matière organique des sols (et/ou la concentration en C organique) est souvent considérée comme un indicateur de choix de la santé des sols, puisqu'elle influence à la fois les propriétés physiques, chimiques et biologiques des sols. Augmenter de façon significative la matière organique des sols agricoles pourrait non seulement assurer la productivité de nos terres à long terme

[START_REF] Oldfield | Global meta-analysis of the relationship between soil organic matter and crop yields[END_REF] 

et augmenter la résilience de nos systèmes face aux aléas climatiques (UNCCD,

  et des effets environnementaux (indicateurs de santé des sols) qui varient selon le contexte pédoclimatique et cultural. Le développement d'une compréhension intégrée des systèmes agricoles et des mécanismes biogéochimiques qui les sous-tendent est donc nécessaire afin d'identifier les combinaisons de pratiques à privilégier dans différents contextes. Dans les prochaines sections, nous réviserons donc l'état actuel des connaissances concernant l'effet de différentes pratiques de conservation des sols sur le rendement des grandes cultures, la santé et la fertilité du sol, ainsi que sur la capacité du sol à agir en tant que puits de carbone.

tout en favorisant le maintien ou l'amélioration de la santé de ces sols. Ces pratiques, mises en oeuvre seules ou de manière combinée, ont des effets agronomiques (rendement et capacité à fournir de l'azote aux cultures)

  . Manure treatments contained enough P and K and were not supplemented with inorganic P or K fertilizers. Fertilizer treatments were not applied on soybean years because both soil types contained enough phosphorus and potassium to meet soybean needs. Crops were planted in the spring on the day of fertilizer application, after harrowing. Seeding rate and row spacing

were adjusted as a function of crop type and cultivar or hybrid selected (Table

1

-6 (S1)). The crops were planted as soon as possible considering yearly soil and weather conditions and were harvested at grain maturity. Herbicides were applied based on weed spectrum and on suppliers' labels. Treatments typically included broadleaf and grass herbicide for wheat and one post-emergent broad-spectrum herbicide (glyphosate) for soybean and corn. Monthly precipitation and temperature were taken from Environment and Climate Change Canada weather station located at about 11 km of the experimental site (Table

1

-7 (S2)).

Table 1 -

 1 4. Wheat grain yield in a sandy loam and a silty clay soil as influenced by fertilizer source in2009, 2010, 2013 and 2016. 

		2009	2010	2013	2016
			Grain yield (kg ha -1 )
	Fertilizer source			
	Sandy loam			
	NPK	2649 A 2764 A	4383 A	3783 BC
	LSM	2592 A 2544 AB 3606 BC 4066 A
	SPM	2684 A 2767 A	3773 B	3804 B
	LDM	2516 A 2533 B	3509 C	3556 C
	PK	1760 B 1773 C	2181 D	2682 D
	Silty clay			
	NPK	2858 A 4923 A	4751 A	3968 A
	LSM	3056 A 4181 B	4551 A	4031 A
	SPM	2818 A 4348 B	4356 A	3959 A
	LDM	2791 A 3930 B	4427 A	3884 A
	PK	2243 B 3209 C	3412 B	2664 B

NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure, PK: mineral control without N.

Means with different letters within the same soil type and year are significantly different at the P<0.05 confidence level.

Table 1 -

 1 5. Wheat straw yield in the sandy loam and the silty clay as influenced by fertilizer source. Values are averaged for the four years with wheat(2009, 2010, 2013 and 2016).

		Straw yield
		(kg ha-1)
	Fertilizer		
		Sandy loam	Silty clay
	NPK	3765 A	4230 A
	LSM	3355 BC	3846 B
	SPM	3503 B	3717 BC
	LDM	3220 C	3462 C
	PK	2273 D	3031 D

NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure, PK: mineral control without N.

Means with different letters within the same soil type are significantly different at the P<0.05 confidence level.

Table 2

 2 

-1). Despite a much greater C input to soil with

Table 2

 2 

-2). There was no significant correlation between any of the experimental treatments and Dim 2 (Table

2 -2

).

Table 2 -4 (S2).

 2 Cumulative (2009Cumulative ( -2015) ) C input to soil (T ha -1 ) as crop residues and manures for each treatment in each soil type.

			Sandy loam			Silty clay	
		Cresidue	Cfertilizer	Total C	Cresidue	Cfertilizer	Total C
		T ha -1	T ha -1	T ha -1	T ha -1	T ha -1	T ha -1
	INVERSION TILLAGE						
	Poultry manure						
	Residues harvested	0.00	7.88	7.88	0.00	8.23	8.23
	Residues retained	13.26	7.88	21.14	13.62	8.23	21.85
	Liquid dairy manure						
	Residues harvested	0.00	7.46	7.46	0.00	7.84	7.84
	Residues retained	12.14	7.46	19.61	11.70	7.84	19.54
	Liquid swine manure						
	Residues harvested	0.00	3.72	3.72	0.00	3.75	3.75
	Residues retained	13.31	3.72	17.03	13.82	3.75	17.56
	NPK						
	Residues harvested	0.00	0.00	0.00	0.00	0.00	0.00
	Residues retained	15.09	0.00	15.09	15.46	0.00	15.46
	PK						
	Residues harvested	0.00	0.00	0.00	0.00	0.00	0.00
	Residues retained	9.40	0.00	9.40	11.86	0.00	11.86
	MINIMUM TILLAGE						
	Poultry manure						
	Residues harvested	0.00	7.88	7.88	0.00	8.23	8.23
	Residues retained	12.13	7.88	20.01	13.55	8.23	21.78
	Liquid dairy manure						
	Residues harvested	0.00	7.46	7.46	0.00	7.77	7.77
	Residues retained	11.97	7.46	19.44	12.78	7.77	20.55
	Liquid swine manure						
	Residues harvested	0.00	3.75	3.75	0.00	3.75	3.75
	Residues retained	13.14	3.75	16.89	13.63	3.75	17.38
	NPK						
	Residues harvested	0.00	0.00	0.00	0.00	0.00	0.00
	Residues retained	13.59	0.00	13.59	15.33	0.00	15.33
	PK						
	Residues harvested	0.00	0.00	0.00	0.00	0.00	0.00
	Residues retained	7.61	0.00	7.61	9.66	0.00	9.66

solide de volaille, du lisier de bovins laitiers et du lisier de porc, un engrais minéral (NPK) et un contrôle minéral sans N (PK) dans deux sols à la texture contrastée. Après 9 ans de traitements, nous avons comparé la répartition du C et du N dans la fraction légère (LF), la coarse-MAOM et la fraction fine de la matière organique associée aux surfaces minérales

Table 3 -4 (S2).

 3 Interaction between residue management and fertilizer source on N (nitrogen) concentration of the fine-MAOM in the silty clay soil.

	Résumé
	L'adoption de pratiques agricoles qui stockent du carbone (C) dans les sols arables a été
	largement encouragée en tant que stratégie d'atténuation et d'adaptation aux changements
	climatiques. Toutefois, la faisabilité de cette stratégie a été débattue, notamment en raison de
	contraintes stoechiométriques. En effet, puisque les molécules organiques riches en N jouent
	un rôle central dans la stabilisation du C à long terme, le stockage de C dans les sols à l'échelle
	mondiale nécessiterait l'immobilisation de quantités substantielles de N. Or, une certaine
	proportion de l'azote du sol doit continuer à circuler pour maintenir la capacité
	d'approvisionnement en azote du sol et atteindre la sécurité alimentaire sous une pression

démographique croissante. Jusqu'à aujourd'hui, toutefois, les mécanismes impliqués dans la fertilité du sol sont encore peu connus. Nous passons ici en revue la littérature la plus récente sur le cycle de la matière organique du sol (SOM) afin de proposer un modèle conceptuel qui intègre dans un même cadre les fonctions de stockage du C et d'approvisionnement en N du sol, telles qu'influencées par le type de sol et les pratiques agricoles. Nous présentons la fraction lourde et grossière de la matière organique du sol (coarse-MAOM) comme une fraction essentielle, mais largement négligée, dans les fonctions de stockage du C et d'approvisionnement en N du sol. Il est proposé que cette fraction représente la SOM aux premiers stades des interactions entre les résidus organiques et la matrice minérale du sol, suite à la colonisation de fragments de matière organique fraîche par les microorganismes.

En raison de leur stabilité transitoire, ces complexes organominéraux enrichis en N pourraient jouer un rôle central dans la fertilité du sol et potentiellement aussi contribuer à la stabilisation à long terme du C par la voie physique de formation de la SOM. Les pratiques conditions pédoclimatiques et donc, de contribuer à optimiser les services écosystémiques fournis par les sols arables à l'échelle globale.

Table 5 - 2 .

 52 Effects of tillage, residue management and fertilizer source on C and N stocks (kg m - 2 ) of the top layer (0-15 cm) of sandy loam and silty clay soils after 8 yrs. Different uppercase letters indicate statistical differences in C stocks, whereas different lowercase letters indicate statistical differences in N stocks.

		0-15 cm	15-30 cm	30-45 cm	45-60 cm	0-60 cm
		C	N	C	N	C	N	C	N	C	N
	Sandy loam	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F	Pr > F
	Tillage	0.022	0.988	0.850	0.200	0.405	0.246	0.483	0.330	0.738	0.389
	Fertilizer	0.638	0.746	0.333	0.353	0.625	0.708	0.494	0.718	0.227	0.390
	Tillage x Fertilizer	0.834	0.450	0.591	0.375	0.908	0.747	0.988	0.468	0.953	0.493
	Residue	0.207	0.320	0.836	0.815	0.706	0.693	0.544	0.737	0.902	0.856
	Tillage x Residue	0.107	0.082	0.404	0.577	0.101	0.132	0.109	0.077	0.083	0.084
	Fertilizer x Residue	0.902	0.981	0.060	0.033	0.211	0.269	0.370	0.733	0.168	0.279
	Tillage x Fertilizer x Residue	0.180	0.057	0.032	0.008	0.034	0.044	0.013	0.045	0.018	0.021
	Silty clay										
	Tillage	0.437	0.069	0.863	0.389	0.633	0.766	0.899	0.050	0.988	0.842
	Fertilizer	0.051	0.006	0.327	0.227	0.560	0.740	0.517	0.684	0.404	0.366
	Tillage x Fertilizer	0.279	0.199	0.167	0.251	0.409	0.434	0.621	0.939	0.477	0.580
	Residue	0.099	0.039	0.592	0.773	0.679	0.973	0.722	0.533	0.525	0.870
	Tillage x Residue	0.967	0.611	0.412	0.283	0.938	0.912	0.089	0.142	0.724	0.981
	Fertilizer x Residue	0.536	0.682	0.453	0.180	0.061	0.040	0.808	0.440	0.212	0.053
	Tillage x Fertilizer x Residue	0.579	0.358	0.486	0.543	0.433	0.565	0.212	0.645	0.329	0.509
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	-3. Interactive effects of fertilizer source and
	crop residue management on N stocks in the 30-45 cm
	layer of the silty clay soil. Different lowescase letters
	indicate statistical differences in N stocks across
	treatments.		
	Fertilizer source	Residue management	N stock (kg m -2 )
	Solid poultry manure	Retained	0.34 abc
		Harvested	0.36 abc
	Liquid dairy manure	Retained	0.36 abc
		Harvested	0.38 ac
	Liquid swine manure	Retained	0.28 cd
		Harvested	0.40 a
	NPK	Retained	0.39 ab
		Harvested	0.34 abc
	PK	Retained	0.38 ab
		Harvested	0.28 bd

  effet, le maïs est particulièrement sensible aux conditions froides et humides et à la faible disponibilité de l'azote qu'aurait pu engendrer la présence de résidus au sol.L'hypothèse 3 a été infirmée (Chapitre 1). En effet, l'écart de rendement entre l'engrais minéral et les engrais de ferme était principalement modulé par le type de culture et par les conditions météorologiques annuelles. Les résultats obtenus ne nous ont donc pas permis d'observer un arrière-effet positif des engrais de ferme sur le rendement des cultures de maïs et de blé pour la période étudiée (9 ans). En revanche, l'année du soya, aucun engrais n'était appliqué à la culture et nous avons pu noter des rendements en grain plus élevés sur les parcelles fertilisées avec de l'engrais de ferme les années précédentes, mais sur le loam sableux seulement. Notre dispositif ne permettait toutefois pas de définir si cela était dû à une meilleure capacité du sol à fournir de l'azote aux plantes (arrière-effet des engrais de ferme), ou à l'effet positif des engrais de ferme sur la biomasse microbienne du sol et donc, sur la nodulation du soya. le loam sableux et pour le maïs, dans les deux types de sol. Il semble donc que la plus grande disponibilité de l'azote dans le lisier de porc ait été favorable au rendement lorsque le sol possède une capacité à fournir de l'azote à la plante (loam sableux) moins élevée et/ou pour des cultures très exigeantes en azote (maïs). 'effet du travail du sol était généralement plus important dans le loam sableux que dans l'argile limoneuse alors que l'effet positif des engrais de ferme et des résidus de Sans être confirmée ou infirmée, l'hypothèse 11 a été longuement développée dans une revue de littérature faisant l'objet d'un article d'opinion (Chapitre 4). Cette revue de littérature porte à croire que la coarse-MAOM pourrait effectivement être une fraction ayant un rôle dans le relargage de l'azote, pouvant être associée au phénomène d'arrière-effet des engrais de ferme. Ce chapitre pose donc les bases pour stimuler la recherche sur le sujet afin de mieux intégrer les notions de fertilité du sol dans les modèles actuels de stabilisation du carbone dans le sol. Dans le loam sableux, les stocks de carbone étaient plus élevés en surface sous travail réduit, mais les stocks de carbone et d'azote étaient les plus élevés dans les couches profondes lorsque le labour était jumelé au retour des résidus et à l'utilisation d'engrais organique liquide (particulièrement le lisier de porc). 'hypothèse 13 a été infirmée (Chapitre 5). Nos résultats ont démontré que sous des conditions froides et humides, l'effet des pratiques culturales sur les stocks de carbone et d'azote dans les couches profondes du sol pouvait être substantiel, même à une échelle de temps décennale. Les changements de stock en profondeur étaient différents de ceux observés en surface et étaient numériquement assez importants pour contribuer de façon significative aux changements de stocks lorsque l'ensemble du profil était considéré.

	Hypothèses 5 à 9, chapitres 2 et 3 Santé du sol
	(5) Les pratiques de conservation du sol améliorent les indicateurs de santé du sol
	(concentration en C organique, biomasse microbienne, diamètre des agrégats,
	etc…) en surface, peu importe la texture du sol.
	(6) Lorsque combiné au travail réduit du sol, le retour des résidus de culture et
	l'utilisation des engrais de ferme ont un effet encore plus positif sur les
	indicateurs de santé du sol en surface.
	(7) Comme en milieu naturel, la matière organique particulaire (POM) des sols
	arables est associée aux résidus végétaux alors que la matière organique fine Hypothèses 12 à 13, chapitres 5
	(FOM) est majoritairement associée aux produits issus de l'activité
	microbienne. (12) Lorsque tout le profil (0-60 cm) est considéré, le travail du sol n'a aucun effet
	sur le stock total de carbone du sol, mais le retour des résidus et l'utilisation
	d'engrais organique favorisent le stockage de carbone.
	L'hypothèse 4 a été confirmée. Selon les analyses d'engrais, le rapport C/N moyen du
	lisier de porc était de 6,3 alors que ceux du fumier de volaille et du lisier de bovin
	étaient de 12,8 et 10,8, respectivement. La concentration moyenne de NH4-N était
	également plus élevée dans le lisier de porc (5 g kg -1 ) que dans le fumier de volaille (3
	g kg -1 ) et le lisier de bovin (1 g kg -1 ). Si l'utilisation des trois engrais de ferme a
	généralement permis d'obtenir des rendements semblables pour le soya et le blé dans
	l'argile limoneuse, l'utilisation du lisier de porc s'est favorablement démarquée pour
	Il a été supposé qu'une accumulation de matière organique dans les couches profondes du sol, où le taux de minéralisation de la matière organique est réduit, favorise la préservation de la matière organique y étant accumulée. Inversement, dans l'argile limoneuse, les résidus de culture et les engrais organiques ont contribué à augmenter le blé dans 204 les stocks de carbone et d'azote en surface. Le travail du sol n'a eu aucun effet sur les

(8) Les résidus de culture améliorent la stabilité des agrégats, mais ont des effets bénéfiques modérés sur l'accumulation de carbone et d'azote dans les fractions fines et stables de la matière organique du sol. (9) Les engrais de ferme favorisent l'accumulation de carbone et d'azote à la fois dans les fractions grossières et labiles et dans les fractions fines et stables de la matière organique du sol. Les pratiques de conservation des sols ont généralement permis d'atteindre des valeurs des indicateurs de santé du sol supérieures à celles obtenues avec les pratiques conventionnelles, peu importe le type de sol (Hypothèse 5; Figure 6-3). Toutefois, l(13) Dans un horizon décennal, les effets des pratiques agricoles sur les stocks de C et de N des couches profondes du sol sont faibles par rapport aux effets sur les couches de surface. L'hypothèse 12 a été partiellement confirmée, mais nos résultats ont contribué à nuancer cette affirmation en fonction des combinaisons de pratiques culturales en jeu et du type de sol (Chapitre 5). stocks de carbone et d'azote, mais l'utilisation de lisier de porc a contribué à augmenter les stocks d'azote en profondeur lorsque les résidus étaient récoltés.

L

  L'engrais minéral complet était souvent associé à des rendements supérieurs dans le maïs et parfois aussi dans le blé. Toutefois, les engrais de ferme ont toujours permis d'obtenir des rendements supérieurs à ceux obtenus avec le contrôle minéral sans azote (PK). Une des forces de ce dispositif était de pouvoir comparer, sous les mêmes conditions pédoclimatiques, l'utilisation de trois engrais de ferme différents ayant des propriétés biochimiques contrastées. Parmi les engrais de ferme étudiés, le lisier de porc était celui qui permettait généralement d'obtenir les meilleurs rendements, sans doute en raison de son faible rapport C/N et de sa concentration élevée en NH4-N(Morvan et Nicolardot, 2009; Webb et al., 2013). Par contre, lorsque des engrais organiques liquides tels que le lisier de bovin et le lisier de porc étaient combinés au retour des résidus au sol dans l'argile limoneuse, une diminution des rendements en maïs était observée. Cet effet n'était pas observé lorsque le retour des résidus était combiné à des engrais solides (engrais minéral et fumier de volaille). Il est donc probable que l'importante quantité de résidus de blé laissée au sol ait absorbé les engrais liquides, rendant les éléments nutritifs moins disponibles pour la plante.

	L'efficacité des différentes sources fertilisantes était également étroitement liée aux
	conditions climatiques lors de la saison de croissance, particulièrement dans le maïs.
	Alors que l'engrais minéral permettait d'obtenir des rendements acceptables de maïs,
	peu importe les années, le rendement des cultures fertilisées avec les engrais de ferme
	était de beaucoup inférieur lorsque les conditions climatiques ne favorisaient pas la
	minéralisation de ces engrais et de la matière organique du sol. Cette différence de
	rendement entre l'engrais minéral et les engrais de ferme variait entre 0 et 38 %, selon
	l'année. Cela s'explique sans doute en raison de la forte exigence de cette culture en
	azote combinée au fait que la fertilisation azotée appliquée à cette culture dans notre
	essai correspondait aux plus faibles doses recommandées pour la région (120 kg N ha -
	1 ), en raison des contraintes liées au phosphore lorsque des engrais de ferme sont
	utilisés (CRAAQ, 2010).

De plus, de façon générale, les rendements étaient davantage sensibles à la source fertilisante (minérale ou organique) dans le loam sableux que dans l'argile limoneuse.

  , nos résultats ont démontré une synergie entre le travail réduit et le retour de résidus et d'engrais de ferme au sol. Ce résultat s'explique entre autres par le fait que le travail réduit concentre les amendements organiques en surface alors que le labour dilue les apports organiques sur une plus grande profondeur(Angers et Eriksen-Hamel, 2008). Par ailleurs, l'interaction triple entre le travail du sol, la gestion des résidus et la source fertilisante était plus importante pour le lisier de porc que pour les autres sources fertilisantes. En effet, sous travail réduit, la gestion des résidus de culture avait un impact majeur sur l'effet positif du lisier de porc sur la POM. Toutefois, le lisier de porc n'avait aucun effet positif sur la POM en surface lorsque les résidus étaient exportés. Une tendance semblable (mais moins forte) a aussi été observée pour le lisier de bovin. Tel qu'avancé dans le chapitre sur les rendements, la présence de résidus de culture en surface a Grâce à une analyse multivariée évaluant les relations entre les différentes propriétés de sol étudiées, le chapitre 2 a permis de démontrer que dans les deux types de sols, la POM était reliée aux hydrates de carbone végétaux alors que la matière organique fine (FOM) était plutôt reliée aux acides aminés microbiens. Cette observation est en phase avec les modèles conceptuels de stabilisation de la matière organique qui attribuent la formation de matière organique fine et stable dans le sol à l'efficacité d'utilisation microbienne(Cotrufo et al., 2013). Elle supporte également les récentes publications qui suggèrent que la nécromasse microbienne constitue une part importante de la matière organique stable dans le sol(Miltner et al., 2012; Kallenbach et al., 2015). Nos résultats ont démontré que le travail réduit du sol et le retour des résidus étaient les meilleures stratégies pour augmenter la concentration de POM en surface, quel que soit le type de sol. Cependant, l'utilisation de certains engrais de ferme (fumier de volaille et le lisier de bovin) a eu un effet important sur certains précurseurs de la FOM (acides muramiques microbiens), mais dans l'argile limoneuse seulement.Nos résultats ont montré que les résidus de culture matures à rapport C/N élevé et contenant une concentration importante de composés structuraux augmentent la concentration en carbone de la LF et de la coarse-MAOM, mais n'ont aucun effet sur la concentration en azote de ces fractions, ni sur la concentration en carbone et en azote de la fine-MAOM. Inversement, le fumier de volaille et le lisier de bovin n'ont eu aucun effet sur la LF, mais ont permis d'augmenter la concentration de carbone et d'azote de la coarse-MAOM et de la fine-MAOM dans l'argile limoneuse et la concentration de carbone dans la coarse-MAOM dans le loam sableux. Le lisier de porc, quant à lui, ne s'est pas différencié de l'engrais minéral complet (NPK) et du contrôle minéral sans azote (PK). Ces résultats confirment l'importance de la qualité biochimique de l'apport sur la répartition du C et du N organique au sein de fractions plus ou moins stables de la matière organique du sol(Cotrufo et al., 2013). Ils ont

	Les résultats obtenus au chapitre 2 ont été développés dans le chapitre 3. En effet, si le
	fractionnement de la matière organique du sol effectué dans le chapitre 2 n'était fait
	que sur la base de la taille des particules (POM > 53 μm et FOM < 53 μm), le
	fractionnement utilisé au chapitre 3 a permis de joindre les notions de taille et de
	densité, ce qui a permis de préciser les résultats et de mieux comprendre les
	Par ailleurs, malgré des rendements beaucoup plus élevés avec l'engrais minéral mécanismes biogéochimiques et physiques impliqués dans les cycles du carbone et de
	complet (NPK) par rapport au contrôle minéral sans azote (PK), l'utilisation d'engrais l'azote. Dans ce chapitre, la matière organique du sol était divisée en matière organique
	minéral n'a généralement pas engendré d'amélioration des attributs de santé du sol en légère (> 53 μm et < 1.7 g cm -3 ; LF), en POM lourde (> 53 μm et > 1.7 g cm -3 ; coarse-
	surface. Tel qu'observé par Le Guillou et al. (2012), l'utilisation d'engrais de synthèse MAOM) et en FOM lourde (< 53 μm et > 1.7 g cm -3 ; fine-MAOM), sous prémisse que
	a peut-être favorisé la présence de populations de bactéries opportunistes qui la densité, jumelée à la taille, est un bon indicateur du degré d'association de la matière
	consomment les agents de liaison organiques bio disponibles associés à la formation organique aux particules minérales et donc, de son degré de stabilité dans le sol. Une
	des macro-agrégats, ce qui risque de diminuer le potentiel de stabilisation de la POM fois de plus, les résultats obtenus ont contribué à (1) l'avancement des connaissances
	et, par le fait même, le diamètre moyen pondéré des agrégats. Selon Khan et al. (2007), concernant la stabilisation de la matière organique dans le sol ainsi qu'à (2) une
	l'ajout d'azote minéral au sol pourrait également accélérer la minéralisation de la meilleure compréhension des cycles du carbone et de l'azote sous différentes
	matière organique du sol. combinaisons de pratiques culturales.

probablement favorisé l'absorption des engrais organiques liquides et leur rétention à la surface du sol. En cas d'absence de résidus de culture, ces engrais à haute concentration en composés solubles

(Morvan et al., 2006) 

ont possiblement migré plus facilement vers des couches plus profondes, ce qui explique qu'ils aient pu avoir moins d'effets bénéfiques sur la concentration de POM en surface, mais un effet important sur les stocks de carbone et d'azote plus en profondeur (Chapitre 5). également confirmé une hypothèse posée par Hassink et al. (1997) stipulant que la quantité de carbone dans les fractions grossières de la matière organique du sol dépend principalement des pratiques culturales, alors que l'accumulation de carbone dans les fractions plus fines et stables est largement modulée par la texture du sol. Finalement, en accord avec Li et al. (2013), nos résultats ont montré des réponses différentes de la LF et la coarse-MAOM aux différentes pratiques culturales (gestion des résidus et source fertilisante) ainsi qu'une différence biochimique évidente entre ces deux fractions (C/N 26-30 et 15-16, respectivement). Nous avons proposé que la coarse-MAOM, qui contient des fragments organiques grossiers partiellement dégradés et recouverts de fines particules minérales

  par la voie physique de formation de la matière organique du sol telle que décrite parCotrufo et al. (2015).Dans le chapitre 4, nous avons utilisé les résultats issus des 4 premiers chapitres et fait une revue exhaustive de la littérature pour évaluer la pertinence de considérer la coarse-MAOM comme une fraction pivot de la matière organique du sol constituant une fraction primordiale pouvant mener à la stabilisation des apports organiques dans le sol et assurer une partie substantielle du phénomène de relargage de l'azote incluant le phénomène d'arrière-effet. Le modèle conceptuel proposé suggère que les composés organiques végétaux qui se retrouvent physiquement intégrés à la matrice du sol soient rapidement colonisés par les microorganismes, car ils représentent pour eux une source d'énergie facilement disponible. Les microorganismes qui se nourrissent de cette matière fraîche se multiplient et produisent du mucilage et autres métabolites qui favorisent l'enrichissement en azote du noyau organique et son enrobage par des particules minérales fines et réactives

  . Cet enjeu n'est pas sans rappeler l'interconnexion entre tous les éléments d'un agroécosystème, la complexité de leurs interactions et le défi que représente le développement de systèmes culturaux productifs, durables et respectueux de l'environnement. À ce sujet, d'ailleurs, de plus en plus d'instances privées et gouvernementales s'intéressent actuellement au rôle potentiel des sols agricoles dans la lutte aux changements climatiques, en raison de leur potentiel de séquestration de carbone atmosphérique(Minasny et al., 2017). Toutefois, le stockage de carbone dans les sols agricoles demeure, à l'heure actuelle, une question encore débattue(Bertrand et al. 2019;[START_REF] Ranganathan | Regenerative Agriculture: Good for Soil Health, but Limited Potential to Mitigate Climate Change[END_REF]) et surtout, complexe à appliquer à grande échelle. En effet, les pratiques permettant d'améliorer le rendement des cultures et/ou d'améliorer la santé des sols ont un effet direct sur la rentabilité et la durabilité de l'entreprise agricole. Ceci peut faciliter l'acceptabilité de ces pratiques et leur adoption par un plus grand nombre de producteurs. En revanche, un producteur agricole sera peu enclin à adopter de son propre gré des pratiques permettant de stocker du carbone atmosphérique dans les sols, à moins qu'elles n'aient aussi un impact positif sur la santé du sol ou sur le rendement de ses cultures.

 [START_REF] Soane | No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment[END_REF]till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment. Soil and Tillage Research 118, 66-87. Stubbs, T.L., Kennedy, A.C., Schillinger, W.F., 2004. Soil ecosystem changes during the transition to no-till cropping. Journal of crop improvement 11, 105-135. Stumborg, M., Townleysmith, L., Coxworth, E., 1996. Sustainability and economic issues for cereal crop residue export. Canadian journal of plant science 76, 669-673. Sturz, A., Carter, M., Johnston, H., 1997. A review of plant disease, pathogen interactions and microbial antagonism under conservation tillage in temperate humid agriculture. Soil and Tillage Research 41, 169-189. Sun, Y., Zeng, Y., Shi, Q., Pan, X., Huang, S., 2015. No-tillage controls on runoff: A metaanalysis. Soil & Tillage Research 153, 1-6. Tabi, M., Tardif, L., Carrier, D., Laflamme, G., Rompré, M., 1990. Inventaire des problèmes de dégradation des sols agricoles du Québec. Rapport Synthèse. Ministère de l'Agriculture, des Pêcheries et de l'Alimentation du Québec. Thomas, B., Sharifi, M., Whalen, J., Chantigny, M., 2015. Mineralizable Nitrogen Responds Differently to Manure Type in Contrasting Soil Textures. Soil Science Society Of America Journal 79, 1396-1405. Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. Journal of Soil Science 33, 141-163. Toliver, D., Larson, J., Roberts, R., English, B., Ugarte, D., West, T., 2012. Effects of No-Till on Yields as Influenced by Crop and Environmental Factors. AGRONOMY JOURNAL 104, 530-541. Triplett, G.B., Dick, W., 2008. No-tillage crop production: A revolution in agriculture! Agronomy Journal 100, S153-S165. Turmel, M.-S., Speratti, A., Baudron, F., Verhulst, N., Govaerts, B., 2015. Crop residue management and soil health: A systems analysis. Agricultural Systems 134, 6-16. UNCCD, 2017. Global Land Outlook. UN Convention to Combat Desertification Bonn. van Capelle, C., Schrader, S., Brunotte, J., 2012. Tillage-induced changes in the functional diversity of soil biota-A review with a focus on German data. European Journal of Soil Biology 50, 165-181. VandenBygaart, A.J., Gregorich, E.G., Angers, D.A., 2003. Influence of agricultural management on soil organic carbon: a compendium and assessment of Canadian studies. Can. J. Soil Sci. 83, 363-380. VandenBygaart, A.J., McConkey, B.G., Angers, D.A., Smith,W., De Gooijer, H., Bentham, M., Martin, T., 2008. Soil carbon change factors for the Canadian agriculture national greenhouse gas inventory. Can. J. Soil Sci. 88, 671-680. Van Den Putte, A., Govers, G., Diels, J., Gillijns, K., Demuzere, M., 2010. Assessing the effect of soil tillage on crop growth: A meta-regression analysis on European crop yields under conservation agriculture. European Journal of Agronomy 33, 231-241. Viaud, V., Angers, D., Parnaudeau, V., Morvan, T., Menasseri-Aubry, S., 2011. Response of organic matter to reduced tillage and animal manure in a temperate loamy soil. Soil Use And Management 27, 84-93.
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l'adoption du travail réduit du sol devrait donc idéalement être encadrée par des professionnels, afin d'adapter au mieux l'application de cette pratique en tenant compte des spécificités pédoclimatiques et culturales de l'entreprise.

Cependant, sur le long terme, une transition réussie vers le travail réduit du sol pourrait s'accompagner d'un effet bénéfique sur l'accumulation de matière organique labile à la surface du sol (POM, Chapitres 2 et 5). Ceci pourrait éventuellement mener à une amélioration de la fertilité du sol (Benites, 2008). Or, dans les premières années de transition, il se peut qu'une fertilisation azotée accrue soit nécessaire pour maintenir les rendements (Ogle et al., 2012) tout en bâtissant la réserve de matière organique du sol en surface. D'ailleurs, nos résultats ont démontré l'importance de la qualité biochimique de la source fertilisante pour le rendement des cultures et pour l'amélioration de la santé et de la fertilité du sol. Ainsi, même si l'engrais minéral a généralement permis d'obtenir de meilleurs rendements de maïs que les engrais de ferme (Chapitre 1), aucune amélioration des paramètres de santé et de fertilité du sol n'a été notée sous fertilisation minérale (Chapitres 2 et 3). Inversement, le fumier de volaille et le lisier de bovin ont eu des impacts positifs évidents sur le sol (Chapitres 2 et 3), mais les rendements obtenus dans le maïs avec les engrais de ferme n'étaient pas toujours économiquement viables (par exemple, 5 à 6 T ha -1 de maïs avec le lisier de bovin; Chapitre 1). En effet, un des principaux enjeux pour la valorisation des engrais de ferme est lié à leur forte concentration en phosphore, par rapport à leur concentration en azote. Les quantités d'engrais de ferme à appliquer pour combler convenablement les besoins en azote du maïs résultent presque inévitablement en un dépassement de ses besoins en phosphore de la culture (CRAAQ, 2010). Ceci peut avoir un impact environnemental important puisqu'un excès de phosphore appliqué au sol peut mener vers d'importants problèmes d'eutrophisation des plans d'eau (Daniel et al., 1998).

Puisque les rendements avec engrais de ferme étaient très acceptables dans le blé et ont parfois même engendré un arrière-effet positif sur le rendement du soya (Chapitre 1), l'idéal serait sans doute de valoriser les engrais de ferme dans le blé, mais de considérer une stratégie de fertilisation différente pour le maïs, étant donné ses besoins très élevés
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Abstract

The impact of management practices on crop productivity has often been assessed. However, crop response to specific practices may vary as a function of soil type and other associated management practices. The objective of this study was to determine how interactions between tillage, fertilizer source, crop residue management, and pedoclimatic factors affected yield and N use efficiency (NUE) in a corn (Zea mays) -soybean (Glycine max)spring wheat (Triticum aestivum) rotation in two contrasting soil types. A factorial experiment was conducted from 2009 to 2017, comparing moldboard plow [MB] vs minimum tillage [MT], five fertilizer sources (mineral control without nitrogen [PK], complete mineral fertilizer [NPK], liquid swine manure [LSM], liquid dairy manure [LDM] and solid poultry manure [SPM]), and two crop residue managements (retained [RR] vs harvested [RH]) on a silty clay and a sandy loam. In the silty clay, a positive effect of MT developed over time for all crop species, whereas MT had little effect on wheat yield, generally decreased corn yield and increased soybean yield in the sandy loam. When wheat residues were returned to the soil, corn grain yield in the next year was (i) decreased when combined with MT in both soils and (ii) when combined with liquid manures in the silty clay.

In soybean, a positive residual effect of manures was observed under MT in the sandy loam only. For all crop species, yields were more responsive to fertilizer treatments in the sandy loam than in the silty clay, and manures generally performed better with wheat than with corn. Among the manures, LSM was the best fertilizer source. A regression tree indicated that corn grain yield was mainly driven by nitrogen supply (higher yield with > 110 kg available N ha -1 ) but that a lower response to N is expected in years with drier and colder conditions in July-August. Our results demonstrated that interactions among management practices is determinant for crop productivity, and that yield responses are modulated by crop species, soil type and sometimes, yearly weather conditions. MT = minimum till, MB = mouldboard plowing.

Means with different letters within the same soil type and the same year are significantly different at the P<0.05 confidence level.

The interaction was not significant for corn stalk yield.

Table 1-3. Effect of tillage on crop grain (kg ha -1 ) and straw/stalk (kg MS ha -1 ) yields as influenced by soil type and year a Values were taken from Environment and Climate Change Canada weather station, located at the Jean Lesage international airport, Quebec City, Quebec, Canada. The station is located about 11 km from the experimental site. 

Abstract

Our understanding of soil organic matter (SOM) formation and stabilization mechanisms has evolved recently. The SOM is considered as a continuum from coarse fresh and decomposing plant residues (particulate organic matter; POM) to fine and presumably more stable mineralassociated organic matter (fine organic matter; FOM), which represents the major portion of total SOM. Current theoretical models call for a prominent role of microbial by-products in FOM formation. However, there is still relatively little field-based evidence to support these theoretical models, especially in arable soils. We examined surface (0-10 cm) soil quality indicators over seven years in two Brunisols with contrasting textures (silty clay and sandy loam) under 20 different management systems, combining two tillage regimes (minimum tillage vs inversion tillage), two crop residue management (residue retained vs harvested) and five different fertilizer sources (no-N control, complete mineral fertilization, liquid dairy manure, liquid swine manure, solid poultry manure). Surface soil quality indicators included soil organic carbon (SOC), POM-C, FOM-C, microbial biomass-C (MBC), plant-and microbe-derived carbohydrates, and mean-weight diameter of water-stable aggregates (MWD). An univariate statistical analysis of these indicators was combined with a principal component analysis (PCA) to explore the relationships among soil quality indicators and SOC dynamics. In both soil types, POM-C was closely related to MWD and plant-derived carbohydrates, whereas FOM-C was closely related to microbial amino-sugars. These results support the recent conceptual models mainly attributing the formation of FOM-C to microbial by-products. We found that management practices that favored POM-C formation, such as reduced tillage and residue retention, were particularly efficient to increase surface SOC content, irrespective of soil texture. By contrast, manuring had a pronounced effect on microbial biomass, which resulted in the accumulation of microbial amino sugar and SOC, in the silty clay soil only. Use of N-rich organic amendments with low lignin content, such as manures, could therefore be an efficient way to foster the formation of stable SOC through the accumulation of microbe-derived FOM precursors in arable soils where clay content is sufficient to allow for the stabilization of microbial by-products. crop residues than manures (Table 2 -4 (S2)), their relative effect on surface SOC content was similar in the silty clay (Table 2 -1). Both MWD and MBC were numerically greater with solid poultry manure and liquid dairy manure than with NPK and PK, in both soils (Table 2 -1).

POM-C, FOM-C, and carbohydrates (2015)

The FOM-C content was higher under minimum than inversion tillage in the sandy loam only and was higher with residues returned than residues harvested in both soils (Table 2 -1). In general, POM-C and plant-derived carbohydrates (AX) contents were greater under minimum than inversion tillage, and greater when residues were returned to soil (Table 2 -1). However, a three-way interaction among soil tillage, residue management and fertilizer source found for POM-C, AX and GM in the sandy loam reflected that, in this soil, the difference in POM-C, AX and GM induced by residue management tended to be greater with the manures, especially liquid swine manure, than with NPK, under minimum tillage (Figure 2 -2). In the silty clay, a similar three-way interaction was observed for POM-C, whereas a two-way interaction was found for AX where, irrespective of fertilizer source, greater AX values were measured when residues were returned under minimum tillage (2.8 g kg -1 ) as compared to all other tillage-residue management combination (from 1.0 to 1.4 g kg -1 ). The GM values were not influenced by experimental treatments in the silty clay.

In the sandy loam, GluN was only affected by residue management (greater when residues were retained), whereas MurA was not affected by any management practices (Table 2 -1).

In the silty clay, an interaction between tillage and residue management was found for GluN, which was significantly higher under minimum tillage with residues retained (328 mg kg -1 soil) than with the other three tillage x residue combinations (231 to 273 mg kg soil -1 ). In the same soil, MurA was higher under minimum than inversion tillage, and higher with residues retained as compared to residues harvested (Table 2 -1). The MurA content was also greater with poultry manure and liquid dairy manure than with PK. Table 2- ) of surface (0-10 cm) soil quality indicators (total soil organic carbon (SOC), mean weight diameter of water-stable aggregates (MWD), particulate organic matter (POM-C), fine organic matter (FOM-C), plant-derived neutral sugars (AX), muramic acid (MurA) and glucosamine (GluN)) and treatments with the first and second dimensions (Fig. 3) of the PCA, for a sandy loam and a silty clay.

Tables

Supplementary material

Table 2-3 (S1). Summary of the analysis on variance (p values) for the effects of tillage, fertilizer source, residue management, and their interactions on total soil organic carbon (SOC), mean weight diameter of waterstable aggregates (MWD), microbial biomass (MBC), particulate organic matter (POM-C), fine organic matter (FOM-C), plant-derived neutral sugars (AX), microbially-derived neutral surgars (GM), muramic acid (MurA) and glucosamine (GluN) in the sandy loam and the silty clay soil.

MBC values were available from 2011 to 2015 only. 

Abstract

Recent models of soil organic matter (SOM) formation propose that the coarse mineralassociated fraction (coarse-MAOM) could be a pivotal fraction bridging the gap between fresh organic matter inputs and stabilized, mineral-associated SOM. However, little is known about the effect of organic input chemistry and soil texture on the carbon (C) and nitrogen (N) dynamics of this fraction. We studied SOM dynamics in a factorial field experiment comparing 10 combinations of crop residue management (retained or exported) with different fertilizer sources, including solid poultry, liquid dairy and liquid swine manure, a mineral fertilizer (NPK), and a control without N (PK) in two soils with contrasted texture. After 9 y of management, we compared the distribution of C and N within the light fraction (LF), the coarse-MAOM, and the fine mineral-associated organic matter fraction (fine-MAOM) of surface (0-5 cm) soil. We found that retention of mature crop residues increased soil C content through an increase in LF and coarse-MAOM but did not influence N content in any fractions. Conversely, the fertilizer source influenced C and N accumulation in the coarseand fine-MAOM in the silty clay soil where greater values were generally found with poultry and liquid dairy manures. Similar trends were found in the sandy loam soil, but statistically significant differences were only found for C in the coarse-MAOM fraction. The coarse-MAOM fraction had a much lower C:N ratio (15-16) than LF (26-36) and appeared generally responsive to the different organic inputs. Despite its limited size (10% of total soil organic carbon), coarse-MAOM appeared to represent a central location for the formation of new SOM and for the accumulation of C and N following fresh organic inputs. We therefore propose that it is considered in models as a pivotal fraction of SOM formation in arable soils.

Supplementary material

Table 3-3 (S1). Summary of the analysis on variance (p-values) for the effects of fertilizer source, residue management, and their interactions on LF (light fraction), coarse-MAOM (coarse mineral-associated organic matter), fine-MAOM (fine mineral-associate organic matter), SOC (total soil organic carbon) and Total N (total soil N) in the silty clay and the sandy loam soil. This framework is proposed to improve our mechanistic understating of SOM cycling in agricultural soils and to further stimulate research in the matter. Ultimately, this could help to develop models that efficiently predict the effect of management practices on C and N cycling under various pedoclimatic conditions and help optimize the ecosystem services provided by arable soils at a global scale.

Silty clay

Carbon concentration (g C kg

mineral particles (Maillard et al., 2015), and (ii) the propensity of animal manure to amplify the accumulation of C and N in coarse-MAOM, irrespective of soil texture (Maillard et al., 2015;Samson et al. 2020).

The fact that C and N from animal manures are directly incorporated within this relatively labile SOM fraction could explain the manure legacy effect typically observed in manured soils (Schröder et al., 2005;Nyiraneza et al., 2010a;Webb et al. 2013;Riley, 2016).

However, animal manures can have distinct effects on C and N kinetics in soil as a function of their biochemical characteristics (Morvan et al., 2006). For instance, liquid swine manure typically features a relatively low dry matter content and lignin:N ratio coupled with a high concentration of soluble organic compounds (Morvan and Nicolardot, 2009). This could result in a limited effect on C and N content of the coarse-MAOM fraction in the topsoil (Samson et al. 2020). By contrast, poultry and dairy manure contain high amounts of Nenriched and partly decomposed coarse organic fragments (Morvan et al., 2006;[START_REF] He | Soil amino compound and carbohydrate contents influenced by organic amendments[END_REF], which would preferentially favor coarse-MAOM, and eventually fine-MAOM formation in the topsoil (Maillard et al. 2015, Samson et al. 2020).

As compared to organic nutrient sources, the positive effect of inorganic fertilizers on SOM content is variable [START_REF] Luo | Organic amendments increase crop yields by improving microbe-mediated soil functioning of agroecosystems: A meta-analysis[END_REF]. Inorganic fertilizers can indeed increase SOM content through their effect on crop yields and consequent C input as compared to unfertilized arable soils [START_REF] Ladha | Role of nitrogen fertilization in sustaining organic matter in cultivated soils[END_REF]. In fact, increasing crop yields could increase LF and even favor the conversion of fresh plant inputs to MAOM [START_REF] Moran | Role of mineral-nitrogen in residue decomposition and stable soil organic matter formation[END_REF]Gillespie et al., 2014b) by helping microorganisms reach their stoichiometric constraints (Kirkby et al., 2014;Mooshammer et al., 2014). However, most studies show that inorganic nutrient sources are not as effective as organic nutrient sources to produce coarse and fine-MAOM (Christensen, 1988;[START_REF] Triberti | Can mineral and organic fertilization help sequestrate carbon dioxide in cropland?[END_REF]Maillard et al., 2015;[START_REF] Li | Soil labile organic carbon fractions and soil organic carbon stocks as affected by long-term organic and mineral fertilization regimes in the North China Plain[END_REF]. In fact many studies showed that as compared to mineral fertilizers, animal manures significantly increased protein and protein-like content in soil (Gillespie et al., 2014b;[START_REF] He | Soil amino compound and carbohydrate contents influenced by organic amendments[END_REF][START_REF] Li | Soil labile organic carbon fractions and soil organic carbon stocks as affected by long-term organic and mineral fertilization regimes in the North China Plain[END_REF]. This probably contributes more readily to the formation of coarse and fine-MAOM given the strong affinity of N-rich organic compounds with mineral surfaces (Knicker, 2011;Kopittke et al., 2018).

Summary, perspectives and challenges

In the quest for finding the best strategies to sequester carbon in agricultural soils to mitigate climate change, emphasis is generally put on enhancing C content of fine and stable MAOM complexes. However, this strategy would imply the immobilization of large amounts of N [START_REF] Van Groenigen | Sequestering soil organic carbon: a nitrogen dilemma[END_REF] and would not necessarily be possible in all soil types (Samson et al. 2020a(Samson et al. , 2020b)). To sustain both C storage and N supply functions of soil, the coarse-MAOM fraction must also be fueled. Even if the coarse-MAOM fraction is not the largest, nor the most stable fraction of SOM, it can still result in rapid and significant changes in soil C content (Lambie et al., 2019). Since a significant proportion of this N-enriched SOM fraction could turn over every year, increasing its SOM content would also contribute to increase soil fertility. Another advantage of targeting this fraction to increase SOM content is that, as opposed to the fine-MAOM, the coarse-MAOM fraction theoretically has no saturation limit and can be increased in both coarse and fine-textured soils (Lavallee et al., 2019).

Increasing the labile SOM fractions in agricultural soils is, however, subject to increase the risk of nutrient loss to the environment, especially in cropping systems where the soil is left bare at some periods (e.g. post-harvest without cover crops). Because of the frequent lack of timing between main crop requirements and nutrient released by the soil, large quantities of SOM and nutrients can be lost from the system [START_REF] Dinnes | Nitrogen management strategies to reduce nitrate leaching in tile-drained Midwestern soils[END_REF]. This is inevitably favored by the global increase in acreage under arable crops at the expanse of acreage under perennial plant covers, as studies show a much greater accumulation of SOM after labile organic matter application under forages, as compared to monoculture (Nyiraneza et al., 2010a;[START_REF] Maillard | Greater accumulation of soil organic carbon after liquid dairy manure application under cereal-forage rotation than cereal monoculture[END_REF]. The best way to promote climate-smart and resilient agroecosystems would be to develop strategies that efficiently fuel both the coarse and fine-MAOM fractions, while limiting environmental losses from the coarse-MAOM. Strategies could include the use of cover crops, rotations with perennial plants and/or a better synchronisation between soil nutrient supply and plants needs. 

Abstract

Subsurface soil (> 15 cm) has been identified as having a large potential for carbon (C) sequestration at the global scale. However, since C and nitrogen (N) in the subsurface layers are assumed to be very relatively stable, their reactivity to agricultural management practices remains to be determined. This study was carried out on an 8-yr field trial comparing 20 different management systems, combining two tillage regimes (inversion tillage vs minimum tillage), two crop residue managements (retained vs harvested) and five different fertilizer sources (liquid swine manure, liquid dairy manure, solid poultry manure), complete mineral fertilizer (NPK) and a no-N control (PK)) on two Brunisols with contrasting textures (sandy loam and silty clay). We studied the effects of these treatments on C and N stocks of multiple soil layers (0-15, 15-30, 30-45 and 45-60 cm depths). Overall, stock differences among management systems were relatively small in the top 15 cm, varying from 0.36 to 0.76 kg C m-2 and 0.01 to 0.04 kg N m-2. In deeper soil layers, however, management practices considerably influenced C and N stocks. In the subsurface layers (15-30, 30-45 and 45-60 cm) of the sandy loam soil, systems combining mouldboard plowing, residue retention, and liquid animal manure (especially swine manure) resulted in the greatest C and N stocks.

Conversely, systems combining mouldboard plowing to mineral fertilizer was used, C and N stocks in the subsurface layers were higher when residues were harvested. Subsurface C and N stocks therefore appeared to be particularly responsive to different combinations of fertilizer sources and residue management practices under mouldboard plowing in the coarsetextured sandy loam soil. In the silty clay, irrespective of tillage treatments, N stocks were the highest in the subsurface (30-45 cm) when residues were harvested and liquid swine manure was used, probably because this combination favored the preferential transport of Nrich manures likely through shrinking cracks which are observed in this soil. Ultimately, changes in subsurface C and N stocks were so considerable (up to 3.9 kg C m-2 and 0.3 kg N m-2), as compared to those in the topsoil, that they determined the response of the whole soil profile to management practices in both soil types. These results demonstrate that subsurface C and N dynamics must be specifically considered in models and management recommendations that aim at quantifying the effect of agricultural management practices on C and N budgets, at least under cold and humid conditions.

profile of two Brunisols with contrasting textures (silty clay and sandy loam), after 8 yrs under a cold and humid climate.

Material and method

Experimental Site and Treatments

The experimental site is located at the Laval University Agronomic Research Station in St-Augustin-de-Desmaures, near Québec City, Canada (46°44´ N, 71°31´ W). Experimental fields and treatments were thoroughly described by Samson et al. (2019). Briefly, the experimental site is comprised of two field sites, a poorly drained Tilly series silty clay (432 g clay kg -1 , 163 g sand kg -1 ), gleyed melanic Brunisol (Soil Classification Working Group 1998) (US classification: Mixed Frigid Dystric Eutrudept (SSS, 1994)), and a well-drained Batiscan series sandy loam (170 g clay kg -1 , 680 g sand kg -1 ), orthic dystric Brunisol (US classification: Mixed Frigid Typic Dystrudept (SSS,1994)). The two field sites are located approximately 0.9 km apart.

In spring 2009, a factorial experiment was laid out as a randomized complete block design with split-split-plot restriction and three replicates on each soil type. Tillage treatments were assigned to main plots and consisted of either inversion tillage (moldboard plowing at 0.2 m) in the fall with shallow harrowing (0.025 to 0.05 m) in the spring after fertilization, or minimum tillage (shallow harrowing in the spring after fertilization). Fertilizer treatments were ascribed to subplots and comprised a no-N control (mineral P and K [PK]), a complete mineral fertilizer (NPK), liquid swine manure, liquid dairy manure and solid poultry manure.

Crop residue management treatments (residues harvested, and residues retained) were randomly ascribed to sub-subplots. Twenty different "management systems" were therefore compared, each including a specific combination of tillage x fertilizer source x residue management practices. All systems were cropped to wheat in 2009 and 2010, and to a maizesoybean-wheat rotation afterwards.

All fertilizer sources were surface broadcast before planting in the spring, and all plots were harrowed within three hours following applications. Fertilizer treatments were based on crop and dried at 55°C for 3 days to determine crop residue dry matter yield. The rest of residue materials was returned to and evenly distributed on the RR plots; residues were not returned to the RH plots. The C and N concentrations of the grains and crop residues were determined by dry combustion, and the amount of C and N returned to soil with the residues was calculated by multiplying residue dry matter yield with C and N concentration (Table S1).

Grain yields and N uptake were published in Samson et al. (2019).

Soil sampling

In autumn 2009 and 2016, after wheat harvest, three randomly located cores were collected to 60 cm in each experimental plot with a hydraulic coring equipment (Giddings Machine Company; model XHDGSRTS). Sampling depth was set at 60 cm since bedrock material was found at about 65 cm in the sandy loam soil. Each core was divided in four depths: 0-15, 15-30, 30-45 and 45-60 cm, and the three cores of each depth were pooled to make one composite sample per depth in each plot. The composite samples were sieved at 6 mm and air-dried at room temperature in the laboratory. Stainless steel cylinders (5-cm diameter; 5cm height) were also pressed horizontally at each depth (three cylinders per plot) and the samples were dried to 105 ºC to determine the bulk density at each depth.

Carbon and nitrogen analyses and stock calculations

Air-dried soil subsamples were ground with a ball mill and total C and N concentrations (g kg soil -1 ) were determined with a CNS analyzer (Model TRUSPEC, LECO Corp., Saint-Joseph, MI, USA). For each soil layer, the total C and N stock (kg m -2 ) was calculated by multiplying the C and N concentration (g kg soil -1 ) by the layer thickness (m) and the respective bulk density (g cm -3 ). To account for different soil bulk density values between treatments, stocks were corrected using the equivalent soil mass approach (Ellert and Bettany, 1995;Ellert et al., 2006).

Statistical Analysis

Treatment effects on C and N stocks were tested for each soil layer and the entire profile (0-60 cm), for each soil type separately. A factorial ANOVA model was used with the Mixed procedure of the Statistical Analysis System (SAS Institute, 1999). Treatments were

Complex interactive effects of management practices on subsurface C and N stocks

As observed by [START_REF] Osanai | Contrasting agricultural management effects on soil organic carbon dynamics between topsoil and subsoil[END_REF], our study showed contrasted effects of agricultural management practices on soil C and N stocks between topsoil and subsurface. In fact, the C

and N stocks at depth were sensitive to specific combinations of practices in the management systems tested (tillage x fertilizer sources x crop residue management) in the sandy loam soil.

Under inversion tillage, C and N stocks were considerably higher when crop residues were retained and combined with liquid swine manure (statistically significant) and liquid dairy manure (trend). When considering the sum of the three subsurface soil layers (15-60 cm), we found that when liquid animal manure was used, C and N stocks were considerably greater when residues were retained, rather than harvested. Differences between these treatments were large, varying from 1.68 to 4.99 kg m -2 for subsurface C stocks and 0.15 to 0.37 kg m - 2 for subsurface N stocks. It is noteworthy that the differences were generally as large or even greater in soil layers below 15 cm. In fact, both liquid manures, and especially swine manure, contain substantial amounts of soluble organic compounds (Morvan et al., 2006) that may have migrated below the ploughing depth (Angers et al., 2010). We hypothesize that, under inversion tillage, C-rich crop residues accumulated within the plow layer (15-30 cm) and retained a portion of soluble organic matter and N present in the liquid animal manures, whereas a portion may have migrated deeper. The slower mineralization rate at depth under cold and humid conditions [START_REF] Macdonald | Plowing a poorly drained grassland reduced soil respiration[END_REF], may have favored the production of soluble of both residues and manure in the plow layer, and most probably contributed the substantial gains observed in C and N stocks at depth with time.

Interestingly, the opposite effect was found with the mineral fertilizers (significant effect with NPK; trend with PK) where subsurface soil C stocks were greater when crop residues were harvested than when they were retained. Although these findings appear counterintuitive given the fact that the NPK treatment resulted in large amounts of crop residues (Table 5-4 (S1)), we hypothesize that it was due to a priming effect of the crop residues on subsurface indigenous organic matter (Fontaine et al., 2007). Organic matter C:N ratio is usually lower in subsurface than in top soil (Schmidt et al., 2011;Poirier et al., 2020), and inputs of C-rich and N-poor organic matter, such as mature crop residues may lead the
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Table 5-4 (S1). Total (2009Total ( -2016) ) C and N input from crop residues and manures for all treatment combinations in the sandy loam and the silty clay soil. 

Retour sur les hypothèses

Voici un rappel des hypothèses qui ont été posées ainsi que les grandes conclusions qui en ressortent.

Hypothèses 1 à 4, chapitre 1 Rendement des cultures

(1) L'effet des pratiques de conservation du sol sur le rendement des cultures est influencé par le type de sol et les contions météorologiques de la saison de croissance.

(2) En travail réduit, les rendements sont inférieurs si les résidus sont retournés au sol, peu importe la texture de sol et particulièrement lors des premières années de transition.

(